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NONINVASIVE MEASUREMENT OF BLOOD SUGAR 

BASED ON >OPTOELECTRONIC OBSERVATIONS OF THE EYE 

RELATED U.   S.   PATENT DOCUMENTS 

This application claims priority of United States Pro- 

visional Patent Application serial 60/100,804 of Walter K. 

Proniewicz and Dale E. Winther, filed on September 18, 1998, 

and now wholly incorporated by reference into the present 

document.    Except for a prior-patent listing and some com- 

mentary about prior art which appear below, this application 

is based substantially exclusively upon that provisional 

application and is accordingly believed to contain no new 

matter with respect to that application. 

PTP.T.H OF THE INVENTION 

This invention relates generally to noninvasive, blood 

testing; and more particularly to optoelectronic determina- 

tion of glucose concentration in the blood/ also called 

"blood sugar".    Optoelectronic determination of glaucoma 

overpressure within the eye is also introduced. 

BACKGROUND OF THE INVENTION 

In various scientific and medical applications, blood 

testing is an invasive procedure,  sometimes requiring blood 

to be drawn several times a day.    This is true in particular 

for sufferers of diabetes — including one of the present 

inventors. 
Existing methods use hypodermic syringes inserted into 

veins or arteries, and lancing devices for fingertips and 
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earlobes.    With these methods, frequent blood testing is un- 

comfortable and even frightening, particularly for young 

children and the very ill — or those with collapsed veins. 

Furthermore people with a chronic condition or illness 

s  often experience pain, infection, or loss of feeling due to 

scarring, as a result of frequent self-testing.    These nega- 

tive considerations discourage many from taking responsibil- 

ity for their own illnesses, thus deterring them from enjoy- 

ing a full, normal life. 
,o After blood has been drawn and placed on an indicator 

strip, it can be analyzed for blood glucose by handheld de- 

vices that perform spectral analysis of the blood on the 

strip.    Some of these devices are nominally subject to plus- 

cr-minus twenty- or thirty-percent error, and it is com- 

w  monplace for two such devices to report blood-sugar values 

differing by 90 mg/dL and more — even when the reported 

values are both well below 200 mg/dL. 
Some United States patents, adduced by a professional 

searcher, that may be relevant to the present invention are 

20   5,713,353; 5,572,596; 5,471,542; 5,433,197; 5,432,866; 

5,291,560; 5,016,282; 4,641,349; 3,958,560; and 3,533,683. 

Thus the blood-monitoring field has failed to provide 

methods for determining blood glucose and other blood con- 

25  stituents precisely, accurately, and without the pain, in- 

fection and other physiological and psychological detriments 

mentioned above.    As can now be seen, prior art in this 

field is subject to significant problems, and have left room 

for considerable improvement. 

30 

OITMM&RY OF THE HTSCLOSURE 

35 The present invention introduces such improvement. The 

invention has several facets or aspects which are usable in- 

dependently — although for greatest enjoyment of their ben- 
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efits we prefer to use them together, and although some of 

them do have some elements in common. 

In preferred embodiments of a first of its independent 

aspects, the invention is noninvasive apparatus for measur- 

ing blood-sugar concentration in a living body by measuring 

electromagnetic-radiation refiectivity'from the body. The 

apparatus includes some means for directing electromagnetic 

radiation to such body. For purposes of breadth and gener- 

ality in discussion of the invention we shall refer to these 

means' simply as the "directing means". 

In addition the apparatus includes some means for re- 

ceiving and measuring electromagnetic radiation reflected 

from such body substantially without spectral analysis of 

the reflected electromagnetic radiation.    Again for general 

ity and breadth we shall call these the "receiving and meas- 

uring means". 
The foregoing may represent a description or definition 

of the first aspect or facet cf the invention in its broad- 

est or most general form.    Even as couched in these broad 

terms, however, it can be seen that this facet of the inven- 

tion importantly advances the art. 

In particular,  this facet of the invention entirely 

eliminates need for piercing the body or otherwise obtaining 

blood samples, and so avoids the discomfort, fear and other 

detriments discussed above.    Furthermore this aspect of the 

invention is advantageous in that it requires no elaborate- 

spectral modulation, or multiple detectors for different 

wavelength regions, or dispersive elements — such as re- 

quired to perform spectral analysis. 

The absence of requirement for spectral analysis is a 

direct result of our very interesting discovery that elec- 

tromagnetic radiation reflected from the iris bears a mono- 

tonic relationship (though different in different wavelength 

; regions) to glucose concentration in the blood. In conse- 

quence, the apparatus is remarkably simple, economical and 

reliable. 
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Although the first major aspect of the invention thus 

significantly advances the art, nevertheless to optimize 

enjoyment of its benefits preferably the invention is prac- 

ticed in conjunction with certain additional features or 

$  characteristics'.    In particular, preferably the directing 

means direct electromagnetic radiation to an eye of the 

body; and the receiving and measuring means include some 

means for receiving and measuring electromagnetic radiation 

reflected from the eye. 

10 Further preferably the receiving and measuring means 

comprise a monochrome detector array — and in this case 

still more preferably the monochrome detector array compri- 

ses a black-and-white charge-coupled-detector  (CCD) camera. 

Another related preference is that the receiving and measur- 

15   ing means include a digital.processor for analyzing signals 

from the CCD camera. 

More generally,  such a processor is desirable for ana- 

lyzing signals representative of quantities of the reflected 

electromagnetic radiation.    In this case one preference is 

20   that the digital processor be part of a personal computer, 

and the blood glucose level is reported on a monitor screen 

of the computer. 

An alternative preference, however,  is that the appara- 

tus be a handheld portable unit,  that the unit include 

25   reporting means for indicating the blood glucose level, and 

that the digital processor be part of the handheld portable 

unit.    In this case preferably the reporting means include 

an LCD unit for visually indicating the blood glucose level. 

Another basic preference is that the receiving and 

30  measuring means include some means for detecting change in 

level of the reflected electromagnetic radiation, and relat- 

ing said change to blood-glucose concentration. Still 

another is that the receiving and measuring means include 

some means for detecting change in level of the reflected 

35   electromagnetic radiation — and also some means for report- 

ing glucose concentration that varies substantially monoton- 

ically with reflected-electromagnetic-radiation level. 

Another general preference is that the detecting means 
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include some means for responding to reflected visible light 

  and, in this case, particularly to light in the yellow or 

yellow-green portion of the spectrum, or both. 

Although the apparatus has been described as operating 

s  substantially without spectral analysis, this is not inten- 

ded to imply that the apparatus is necessarily entirely un- 

able to differentiate between spectral regions.    For in- 

stance, preferably the apparatus includes some means for 

eliminating response to some particular electromagnetic-ra- 

w  diation "band — e. a.  the red or infrared,  or both. Simi- 

larly the means for receiving and measuring substantially 

without spectral analysis preferably do take into account a 

reverse signal response in the red or infrared, or both. 

Other preferences will appear in regard to this first 

15   aspect  (and the others as well)  of the invention,  in the 

"DETAILED DESCRIPTION" section that follows. 

In preferred embodiments of a second major independent 

20   facet or aspect, the invention is a noninvasive apparatus 

for measuring blood-sugar concentration in a living body by 

measuring electromagnetic-radiation reflectivity from the 

body.    The apparatus includes a self-contained case. 

It also includes some means, mounted to the case, for 

25  directing electromagnetic radiation to the body.    Also in- 

cluded are some means, mounted to the case,  for receiving 

and measuring electromagnetic radiation that is reflected 

from the body. 
The foregoing may represent a description or definition 

so  of the second aspect or facet of the invention in its broad- 

est or most general form.    Even as couched in these broad 

terms, however, it can be seen that this facet of the inven- 

tion importantly advances the art. 

In particular, because we have established through pro- 

25   totype experimentation and testing that the entire invention 

is capable of reduction to be carried within a self-con- 

tained case,  the many benefits of noninvasive measurement 

can be enjoyed in a unit that need not take the form of a 
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machine only suited for use in a medical facility. Rather, 

the invention can be implemented in a machine suited for 

patients'  use at home, or at an ordinary office or other 

business — or in cars, restaurants, etc. 

Although the second major aspect of the invention thus 

significantly advances the art, nevertheless to optimize 

enjoyment of its benefits preferably the invention is prac- 

ticed in conjunction with certain additional features or 

characteristics.    In particular, preferably the case is 

fully portable.    Also in this instance preferably the case 

fits in the palm of a normal-size adult's hand. 

In preferred embodiments of a third of its major inde- 

pendent facets or aspects,  the invention is a noninvasive 

apparatus for measuring blood-sugar concentration in a 

living body by measuring electromagnetic-radiation reflec- 

tivity from an eye of the body.    The apparatus includes some 

means for directing electromagnetic radiation to an iris of 

such eye.    It also includes some means for receiving and 

measuring, electromagnetic radiation reflected from such 

iris.    Also included is a programmed digital processor that 

analyzes the measured reflected radiation and computing 

blood-sugar concentration therefrom — and in particular 

uses a reflection of the electromagnetic-radiation source, 

from the eye, as a peak amplitude point for image alignment. 

The foregoing may represent a description or definition 

of the third aspect or facet of the invention in its broad- 

est or most general form.    Even as couched in these broad 

terms, however, it can be seen that this facet of the inven- 

tion importantly advances the art. 

In particular,  the eye is generally available for opto- 

electronic measurements without the subject's disrobing or 

any ether great inconvenience.    Moreover, condition of the 

blood in the eye is generally particularly rapid in its re- 

sponse to or tracking of the condition of the blood in other 

critical parts of the body — particularly the brain. 
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Although the third major aspect of the invention thus 

significantly advances the art, nevertheless to optimize 

enjoyment of its benefits preferably the invention is prac- 

ticed in conjunction with certain additional features or 

characteristics.    In particular, preferably the receiving 

and measuring means also include some means for receiving 

and measuring electromagnetic radiation from a pupil of the 

eye. 
This preference facilitates determination of a baseline 

dark level,  or of an illumination level provided by the 

electromagnetic-radiation directing means, or both. 

In preferred embodiments of a fourth of its major in- 

dependent facets or aspects,  the invention is a blood-glu- 

cose measuring method.    The method includes the step of 

imaging forward surfaces of a person's eye on an electronic 

camera.      It also includes digitizing resultant image sig- 

nals from the camera.    Further the method includes — to 

determine blood-glucose level — processing pixel signals 

representing the iris,  separately from pixel signals repre- 

senting other parts of the eye. 

The foregoing may represent a description or definition 

of the fourth aspect or facet of the invention in its broad- 

^ est or most general form.    Even as couched in these broad 

terms,  however,  it can be seen that this facet of the inven- 

tion importantly advances the art. 

In particular, analysis of conditions in the iris is 

advantageous in that the iris exhibits monotonic relation- 

ships  (peculiar to different wavelength regions) between 

reflected electromagnetic-radiation level and glucose con- 

centration — enabling enjoyment of the previously mentioned 

benefits of measurement without spectral analysis. 

Furthermore the separation of iris and pupil signals 

for processing is amenable to straightforward implementation 

based upon geometry,  leading to easy compensation for vary- 

ing illumination level and the like as previously mentioned. 
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Although the fourth major aspect of the invention thus 

significantly advances the art, nevertheless to optimize 

enjoyment of its benefits preferably the invention is prac- 

ticed in conjunction with certain additional features or 

characteristics.    In particular, preferably the method also 

includes the steps of processing .pixel signals representing 

the pupil to obtain a baseline dark level or an illumination 

level, or both — and also applying the dark level or illu- 

mination level, or both, to refine the pixel signals repre- 

senting the iris.    In this case advantageously the process- 

ing step includes applying an average reflected intensity 

level of the pupil to represent the dark level baseline. 

Another general preference is that the iris-pixel. 

signal processing comprises integrating all usable iris- 

pixel signals to produce a unitary intensity indication. In 

this case preferably the applying step includes integrating 

into the indication only intensities that are higher than 

that of the pupil. 
Yet another basic preference is to include the step of 

substantially removing image scene and illumination varia- 

tion.    Still another preference is to include the step of 

calibrating readings for an individual patient. 

Another general preference is to include masking out 

the pupil pixels from the iris region.    In this case the 

masking step also preferably includes applying a software 

pupil mask that substantially stabilizes the number of iris 

pixels available for use, and substantially stabilizes pupil 

centering within the iris image.    Further if this is done 

preferably also the pupil mask is larger than the largest 

pupil diameter occurring in measurement conditions. 

Other general preferences relative to the method of our 

invention include these steps,  considered individually: 

»    masking out the pupil pixels from the iris region; 

e    diffusing source electromagnetic radiation to minimize 

hot spots; 
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~   o    removing peak signal amplitudes, to minimize the effect 

of illumination hot spots; 

«   mapping illumination hot spots, to enable disregarding 

hot-spot regions in said processing step; 

"    adjusting image contrast to substantially fill the 

complete dynamic range of pixel data words; 

»    looking up the measured level in a lookup table to ob- 

tain a corresponding numerical blood-glucose concentra- 

tion indication in quantity of glucose per unit blood 

volume; and 

»    said digitizing step comprises distinguishing 

electromagnetic-radiation-intensity changes at least as 

small as one part in ten thousand. 

Another preference,  still as to the fourth  (method) aspect 

of our invention, is this sequence of steps: 

a    finding a centroid of the pupil of the eye; 

calculating average brightness around a pupil centroid; 

>>    masking out the pupil region of the eye; 

■    equalizing the iris image using the pupil brightness as 

a level baseline; 

a    removing hot spots if present; 

«    integrating all of the processed iris pixels to obtain 

a manerical representation of brightness level of the 

i iris; 
=    searching a lookup table to apply a previously devel- 

oped calibration and thereby determine an imputed glu- 

cose concentration in quantity of glucose per unit 

volume; and 
;      "    displaying the imputed glucose concentration. 
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In preferred embodiments of a fifth major independent 

facet or aspect, the invention is a blood-glucose measuring 

method for use with a small electromagnetic-radiation 

source.    This method includes the'step of automatically 

s  finding a reflection, from a patient's pupil, of the elec- 

tromagnetic radiation. 
The method also includes the step cf automatically per- 

forming a position alignment based upon the location of the 

reflection of the electromagnetic radiation.    The foregoing 

10  may represent a description or definition of the fifth as- 

pect or facet of the invention in its broadest or most gen- 

eral form.    Even as couched in these broad terms, however, 

it can be seen that this facet of the invention importantly 

advances the art. 
,5 In particular',  this mode of operation very easily re- 

solves several otherwise knotty problems of alignment, which 

can otherwise threaten the integrity of the overall measure- 

ment orocess — since the process is sensitive to alignment 

and control of signal returns from the white of the eye as 

20  well as the pupil. 

"Although the fifth major aspect of the invention thus 

significantly advances the art, nevertheless to optimize 

enjovment of its benefits preferably the invention is prac- 

25  ticec in conjunction with certain additional features or 

characteristics.    In particular, preferably the method also 

includes zeroing-out the area within the electromagnetic- 

radiation source,  to form an image of forward surfaces of 

the eye without the electromagnetic-radiation source. 

30 Another preference, especially when the method is for 

use with a centrally disposed electromagnetic-radiation 

source, is the step of growing a pupil mask — starting from 

the electromagnetic-radiation source as a centerpoint — to 

cover the pupil area in the image.    In this case, preferably 

35   the method also includes capturing brightness level in an 

area under the aligned pupil mask, for use in a dark-level 

calibration. 
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In preferred embodiments of a sixth major independent 

facet or aspect, the invention is apparatus for measuring 

blood-sugar concentration in a living body by measuring 

electromagnetic-radiation reflectivity from an eye of the 

E  body.    This apparatus includes a detector array. 

It also includes a small electromagnetic-radiation 

source held directly in front of the detector array, for 

directing electromagnetic radiation to the eye.    In addition 

the apparatus has some means for receiving and measuring 

n  electromagnetic radiation reflected from the eye. 
1  The foregoing may represent a description or definition 

of the sixth aspect or facet of the invention in its broad- 

est or most general form.    Even as couched in these broad 

terms, however,  it can be seen that this facet of the inven- 

ts   tion imoortantly advances the art. 

Tn particular, use of a source in the described posi- 

tion greatly simplifies, in several ways, the processing of 

data derived from the optical system.    Some specific bene- 

fits will  be seen in the preferred implementations discussed 

20   immediately below and in the later "DETAILED DESCRIPTION" 

section of this document. 

Although the sixth major aspect of the invention thus 

"   significant^ advances the art,  nevertheless to optimize 

25  enjoyment of its benefits preferably the invention is prac- 

ticed m conjunction with certain additional features or 

characteristics.    In particular, preferably the apparatus 

also includes a lens between the detector array and the 

electromagnetic-radiation source. 

in this case, it is preferred that the electromagnetic- 

radiation source shine toward the eye from substantially the 

geometric center of the lens - or, alternatively of the de- 

tector array-   In this case the apparatus further includes 

some means for using a reflection.of the electromagnetic- 

35  radiation source, from the eye, as a peak amplitude point 

for finding the image center. 
A more general preference,  still as to this sixth main 

aspect of the invention — and especially when the apparatus 
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is for use in measuring blood-glucose concentration for the 

body of a human being — is that the electromagnetic-radia- 

tion source serve as a visual centering target for the human 

being.    In such a system, the human being looks substantial- 

5  ly directly toward the electromagnetic-radiation source to, 

in substance, automatically align or center (at least ap- 

proximately)  the pupil in the optical field. 

0 in preferred embodiments of a seventh major independent 

facet or aspect,  the invention is apparatus for measuring 

blood-sugar" concentration in a living body, by measuring 

electromagnetic-radiation reflectivity from blood of the 

body.    The apparatus includes seme means for directing elec- 

;5   tromagnetic radiation to the blood. 
It also includes some means for receiving and measuring 

electromagnetic radiation reflected from the blood substan- 

tially without spectral analysis of the reflected electro- 

magnetic radiation.    From all the discussion, in this docu- 

20  ment, of aspects of the invention, those skilled in the 

field of noninvasive medical instrumentation will understand 

that the invention operates,  in one way or another, based 

upon presence of the blood in the iris or elsewhere within 

the body - thereby making the blood available for optoelec- 

25   tronic measurement.    Accordingly the invention is not limi- 

ted to the implementations expressly set forth. 

30 

Mi the foregoing operational principles and advantages 

of the oresent invention will be more fully appreciated upon 

consideration of the following detailed description, with 

reference to the appended drawings  (not to scale), of which: 

35 

/// 
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pt>TT;r pgsr.RTPTIQN OF THE DRAWINGS 

Fig. 1 is a somewhat schematic diagram, in plan, of an 

experimental prototype CCD camera assembly used in preferred 

6  embodiments of the invention., and contemplated for adapta- 

tion into a commercial unit; 
Fig. 2 is a block diagram showing the image input data 

stream derived from optoelectronic measurements of an eye, 

using the Fig. 1 camera assembly in a central-illumination 

10 arrangement; 
Fig. 3 is an isometric, view of a representative earlxer 

prototype illumination geometry — one of several attempted, 

illustrating a diffuse-illumination approach; 

Fig- 4 is a like view of a prototype optical bench, 

«  particularly including a foam ocular and a forehead rest; 

Fig. 5 is a like but more detailed view of the Fig. 4 

rest; v 
Fig. 6 is a like view of an early prototype eye-.rack- 

ing system; 
rig.  7 is a like view of an early prototype bezel for 

mountinq at the front of the camera lens and for aiming a 

smaU electromagnetic-radiation source toward the eye; 

Fig.  8 is an enlarged view of the Fig.  7 bezel, shown 

with electromagnetic-radiation source and eye,  in longitudi- 

2S  nal elevation generally along the system centerline; 

Fig.  9 is an image of part of a representative operator 

control panel, seen on a computer screen of our prototype 

apparatus while the system is imaging a subject eye; 

Fig.  10 is a like image of another part of the same 

»  control'panel display, particularly showing histograms rep- 

resenting results of different processing stages within the 

prcqram; # 

^•igs. 11 through 19 are a G program listing (graphical 

programming, as explained below) of the digital-processor 

3S  code that produces output values in "arbits" (arbitrary 

units)  related to glucose concentration; 

Fig. 22 is an image like Figs.  9 and 10, but for an- 

other display of a control panel — for a second program, 

20 
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used to correlate arbit values with an actual amount of pa- 

tient blood sugar in conventional units; 

Figs. 21 and 22 represent two pages of G code that rep- 

resent the entire second program used to obtain calibrated 

s   IDN-to-glucose data as just mentioned; and 

Fig. 23 is a diagrammatic showing of focal-distance 

measurements that car. be used to determine glaucoma pressure 

automatically with apparatus analogous to certain forms of 

the glucose-concentration measuring systems described here- 

to  in.    View A represents a normal-pressure condition, and view 

3 an abnormal or overpressure condition. 

,5   nrT&TLED DESCRIPTION 

r>P THE  PREFERRED EMBODIMENTS 

I. OVERVIEW 

20 A method has been found to determine the amount of 

blood sugar without the need for invasive procedures. This 

technique can determine sugar levels by analyzing reflected 

electromagnetic-radiation information from the eye. 

The process uses a black & white CCD TV camera and a 

25  personal computer.    A fully portable version that fits in 

the palm of one's hand is presently possible. 
The combined result of the camera/computer arrangement 

is a numeric output that displays blood-glucose levels in 

units of milligrams/deciliter, on a computer screen or small 

zo  LCD display.    A handheld illumination and imaging system is 

used to take blood sugar measurements. 
The system operates by integrating the reflected elec- 

tromagnetic radiation from the iris portion of the eye — 

not from the retina.    Numerous anterior blood vessels pres- 

35   ent a means of directly observing bloodstream content with 

exterior optical methods. 
Glucose accumulations in this area produce a change in 

the intensity of reflected electromagnetic radiation. The 
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more sugar present, the higher the level of reflected elec- 

tromagnetic radiation. 
This change in electromagnetic-radiation reflection is 

too small to be seen with normal observation methods. The 

5  ability to measure electromagnetic-radiation intensity 

changes as small as 1 part in 10,000 is required to detect 

blood sugar changes. 
The CCD camera images the eyeball and the image is dig- 

itized.    These data are processed to remove the pupil pix- 

Only the iris pixels are used as representative of 

glucose values as such, but as explained elsewhere the pupil 

pixels are used to develop baseline and illumination levels. 

The iris pixels are integrated (summed)  to produce a 

single intensity number.    We sometimes call this the "inte- 

,s   grated data number" or IDN for short; it is interchangeably 

designated "GLU",  for glucose value. 
The IDN (or GLU) value can be calibrated by removing 

image scene and illumination discrepancies.    It can be 

further calibrated to an individual patient to produce an 

20   extremely accurate IDN-to-blood-sugar correlation. Repea- 

table scene geometry is also very desirable for accurate 

measurements. 

25 2. MASKING AND NORMALIZATION 

As mentioned above,  the primary IDN calibration tech- 

nique uses pupil reflection and geometry data.    Changes in 

-    input electromagnetic-radiation levels are detected by 

30  sensing pupil brightness. 
The average reflected intensity level of the pupil is 

used as the dark-level baseline for IDN processing. Only 

intensities,that are higher than that of the pupil are inte 

grated into the IDN. 
3S This is a scene-to-scene automatic electromagnetic- 

radiation level calibration.    If the scene electromagnetic- 

radiation level goes up, so do the levels of the pupil and 

the iris. 
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The pupil level offsets the higher iris level and pre- 

serves the scene-to-scene relative brightness.    This guaran- ' 

tees that only sugar-level increases will cause measured in- 

tensity increases, 
s A further problem involves changes in pupil diameter 

and pupil centering within the scene.    If these components 

are not held constant, the total number of iris pixels 

available for integration will change. 

To control these effects, a software pupil mask is em- 

f0  ployed.    This zeroes-out a fixed region around the pupil. 

It is larger than the largest pupil diameter and covers 

pupil-centering errors. 

Some iris pixels are zeroed in the process, but all 

image frames are treated in the same way.    The pupil mask is 

fs  always the same size, and therefore all image frames contain 

the same number of iris pixels.    The geometric distortions 

due to pupil variations are eliminated. 

Another source of error is produced from illumination 

hot spots.    Good electromagnetic-radiation source diffusion 

20  is needed to prevent the problem. 
Hot-spot removal can be partially accommodated with 

software.    Peak signal amplitudes are removed before the 

integration process.    In addition, Hot Spot mapping can be 

used to extract the troublesome regions prior to 

25 integration. 
Image contrast equalization (stretch)  is also applied. 

This causes pixels to fill the complete dynamic range of 

pixel data words. 
The pupil baseline data is applied to this process, 

30  oermitting only the pixels that are brighter than the pupil 

to be remapped.    As a result.,  further processing takes place 

using data that have been scene-level-biased and equalized 

to a full amplitude range. 

35 
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3.      CALIBRATION AND READOUT 

The process of converting the IDN to a true glucose 

measurement requires a simple lookup operation to verify 

s  that the result is within a predetermined error band. The 

correlation from IDN to milligrams per deciliter  (mg/dL) can 

be seen in the following formula. 

IDN^ - IDN„ia 

IGN    =  • GL    +    IDN,^,,. 

These terms are defined as follows. 

IGN = implied glucose number 

IDN^ -   highest possible IDN (integrated data 

number) 
IDRain = lowest possible IDN 

GLaax = highest possible glucose value  (in mg/dL) 

GLnin = lowest possible glucose value (mg/dL) 

GL - actual glucose value (mg/dL) 

to 

fS 

23 

Inserting a milligram/deciliter value in GL yields its 

equivalent IDN value in IGN. 

25 Going from IDN to GL is accomplished by searching or 

hashing a lookup table,   When the IDN value is equal or al- 

most equal to a bounded IDN table value, GL is retrieved 

from the table and output as the glucose reading. 

The IDN lookup table is produced by averaging multiple 

so  calibrated IDN samples for known glucose values.    A fixed 

error range is based on a plus-or-minus deviation percentage 

from the average IDN. 
This is done for all available glucose numbers. Be- 

cause it is difficult to obtain values for every glucose 

35  number, values between known samples can be interpolated to 

create a complete table. 
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4.      PROCESSING STEPS 

These are the discrete processes performed by our pro- 

totype systems: 

5 
=    image the eyeball 

«    find the centroid of the pupil 

io      -    calculate the average brightness around the pupil 

centroid 

■   mask out the pupil region of the eye 

is 
□    equalize the iris image using the pupil brightness as 

level baseline 

■    remove hot spots if present 

20      ■    integrate all of the processed iris pixels 

* sea 

match 

rch a lookup table to find the closest IDN-to-GL 

2S      »   display the imputed glucose number in GL 

5.       IMAGE INPUT PROCESSING 

TO reduce the complexity of the image-input system, 

software has been developed to optimize camera positioning 

and illumination consistencies.    We have constructed an 

apparatus that holds a electromagnetic-radiation source 

di-ectly in front of the camera lens.. 

35    "      The electromagnetic radiation is made to shine onto the 

eye from the geometric center of the lens.    This results in 

even illumination of the eye, eliminating reflections and 

hot spots. 



5 
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Two additional effects are created by this central-il- 

lumination geometry: 

n    the electromagnetic-radiation source becomes a visual 

centering target for the patient; and 

B    the electromagnetic-radiation source becomes a peak 

amplitude point for finding the image center. 

The software finds the electromagnetic radiation  (seen as a 

hot spot in the center of the pupil)  and performs a position 

alignment based on its location. 

Having found the center of the pupil,  the software also 

performs the following processes. 

«    zero-out the area within the electromagnetic-radiation 

source,  to eliminate the electromagnetic-radiation 

source from the pupil image 

20 determine the eye registration within the camera frame, 

and calculate the useful image, area 

»    grow a pupil mask from the electromagnetic-radiation- 

source centerpoint and use it to cover the pupil area 

25 in the image 

■    capture the area under the aligned pupil mask for the 

dark-level calibration 

30  Additional system.sensitivity and accuracy can be obtained 

by capturing multiple frames and summing their IDNs togeth- 

er.    Changes due tc small movements of the eye are thereby 

averaged out.    Digitally summed IDNs also increase effective 

integration time,  resulting in a larger dynamic range. 

35 
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6.      WAVELENGTH EFFECTS 

It has been observed that most visible light colors 

work well for glucose detection.    Peak response appears to 

be in the yellow and yellow/green portion of the spectrum 

for the algorithm described above. 

A reverse signal response takes place with near infra- 

red illumination.    The higher the glucose level,  the lower 

the reflected electromagnetic-radiation. 

This reverse effect can also be seen in the red region 

of the visible spectrum and can disturb the linearity of the 

glucose response.    If the visible portion of the spectrum is 

used for the measurement, then using LED.light sources that 

contain little or no red or infrared components improves 

measurement accuracy. 

It is reasonable to generalize the foregoing observa- 

tions, however,  though this is not mentioned explicitly in 

our provisional application, to note what is common to both 

wavelength regions — i. e.  that the level response,is sub- 

stantially monotonic, namely either an increasing function 

or a decreasing function for the different wavelength re- 

gions respectively. 
The infrared reverse effect can be used to improve sys- 

tem accuracy. Infrared illumination yields a nonlinear con- 

version that produces a large dynamic range in the low-sugar 

region. This information can be processed for enhanced low- 

end performance. 
A combination of visible and infrared processing can be 

done to produce dual response tables.    These "inverse" re- 

sponse tables can be correlated to automatically verify the 

validity of glucose measurements.    This technique produces 

additional accuracy and means of system self-calibration. 

Our provisional application introduces the embodiments 

disclosed above,  in which a black-and-white CCD array is 

able to collect sufficient information for blood-glucose 

determination — reflected electromagnetic-radiation level 

being distinctly correlated with glucose concentration. 
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This is accomplished through heavy reliance upon fur- 

ther electronic manipulation of the data.    Such operation is 

mechanically and optically simpler than, and is to be difi= 

rinmiished from, the measurement mode that is also reported 

in our provisional application — and embodied in earlier 

prototypes of our apparatus — which employed rotating fil- 

ter wheals to perform rudimentary spectral differentiation. 

to   7.      FURTHER HARDWARE DETAILS 

A high-resolution black-and-white digital video camera 

assembly  (Fig. 1) uses a charge-coupled detector  (CCD) array 

as a sensor.    The camera includes a body 10 for housing the 

is  CCD array, a mounting section 11 with an attachment thread 

29, a camera bias-voltage connector 12, and a video-out con- 

nector 13. 
It will be understood that all of the details presented 

here relate to experimental prototypes that we have built 

20  and tested.    Representative dimensions for the assembly fol- 

low. 

25 

30 

marked value 

dimension (inches) 

21 2.18 

22 3.75 

23 0.75 

24 0.69 (CCD 

25 2.38 

26 0.75 

27 1.25 

28 1.40 

35 An extension tube 14 holds a 1:1.4 lens 15, making the 

focal length approximately 2H cm (one inch).    The purpose of 

the extension tube is to maximize the amount of data from 
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the iris 32  <Fig. 2) of the eye 30 and limit, to zero, the 

amount cf white of the eye. 

At the beginning of testing, "Snappy™" shots were 

selected.   A Snappy, manufactured by Play Inc., is an image- 

capture card for a personal computer  (PC).    It captures a 

one-thirtieth-second frame from a moving image and stores it 

for future analysis. 
Approximately forty percent of all frames were lost be- 

cause, of movement of the eye, reflections, and exposed white 

of the eye.    The frames used are advantageously similar; the 

total digital numbers are preferably as close to each other 

as possible. 
To produce optical data for the camera, a small elec- 

tromagnetic-radiation source 33  (Fig. 2) directs electromag- 

netic radiation 34 toward the center of an eye 30, and 

reflections 35 from the pupil 31 and iris 32 traverse the 

lens 15 to the CCD camera 10.    Note that no optical dis- 

persing or wavelength-selecting device is included. 

Thus the CCD camera 10 sees the reflected electromag- 

netic radiation 35 from the eye.    Raw video data 37 go to a 

digital interface 38, which responds with corresponding 

digital data 39 that proceed into a computer 40. 

The central-illumination arrangement of Figs. 1 and 2 

was the successor to numerous earlier efforts based instead 

on diffuse illumination of and data collection from the eye. 

In the first successful, repeatable one of those (Fig. 3), 

electromagnetic radiation from a forty-watt incandescent 

party bulb 43 was integrated by flat white paint on the 

walls of the room itself 
. — essentially a large integrating-sphere concept. 

The electromagnetic-radiation was arranged to approach 

the eye 30 at a right angle to the optical axis 41 between 

the lens and the eye,  to minimize formation of reflections 

and shadows.    To minimize the problem of hot spots and 

;   resulting high data counts, mostly caused by bare exposed 

lightbulbs,  the illumination was passed through a diffuser 

42 — created from a plain white paper cylinder placed 

around the electromagnetic-radiation source. 



WO 00/16692 PCT/US99/21680 

■ 23- 

To lessen the difficulties of repeating frames and 

holding the CCD camera steady, and to shield and eliminate 

reflections, an optical bench with a foam ocular 45  (Fig. 4) 

was built.    In addition, a headrest (Fig. 5) helps stabilize 

5  the eye. 
The optical bench, three feet long, was fashioned from 

two aluminum rails 47  (Fig. 4) — a rectangular one, lying 

horizontal, and a square bar turned on the diagonal so that 

one corner fits into corresponding notched grooves in the 

10 base 4 8 of the headrest and in the base of the camera sup- 

port.    The bar allows movement only along the z-axis  (i, e./ 

longitudinally).    This geometry also allows setting of dis- 

tances between the headrest (i, e,, the eye position) and 

the camera. 
,s The support stand allows up-and-down  (y-axis) adjust- 

ment by means of a vertical red ,with an adjustment knob. 

The two rails are kept parallel by being mounted on two 

eight-inch crossbars with three legs made from machinist 

jackscrews.    One leg is attached to the center of the cross- 

2o  bar; the other two legs are attached at opposite ends of the 

other crossbar, thereby allowing leveling in a classical 

manner. 
The headrest is mounted to a sliding aluminum base 48, 

to support two one-foot-long threaded vertical rods 54 hold- 

25  ing a curved aluminum forehead piece 46.    The whole mecha- 

nism is mounted on a centered vertical support rod 53. A 

crossbar 52 supports a subject's chin on a soft pad (not 

shown),.and the forehead rests against the forehead piece 46 

to stabilize the head.    Adjustment and locking are facili- 

50  tated by an adjustment screw 52. . 
The CCD camera .is also mounted on a support rod,  set in 

a commercial support stand.    The rod is attached to the 

camera, which is inside a tubular cardboard electromagnetic- 

radiation shield 4 9  (made from a cardboard mailing tube). A 

3S  trapdoor allows for adjustments to the camera with two 

camera-support screws through the tubular shield, centering 

the camera, in the shield. 
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The tube is four inches in diameter and fourteen inches 

long.    The trapdoor is eight inches long and sections out 

half of the tube, starting one inch back from the front. 

The camera lens face is flush with the end of the tube. The 

interior of the tube is painted flat white. 

Various other experimental setups included some geome- 

tries with two tubes — one for each eye, with an eye-track- 

er disc placed in front of the eye not being sampled. We 

have settled, however, on a system with no ocular lens and 

in which the nondata eye is exposed for reasons that will 

become apparent. 
In one experimental setup, a pair of slip-tube swing 

arms 69  (Fig.  6)  fixed to the camera mounts — above and 

below the tubular shield 49 — held a vertical rod 61 on 

which a block 62 slides up and down 64, carrying a 

electromagnetic-radiation-emitting diode (LED)  63.    The LED 

served as the electromagnetic-radiation source for central 

illumination.    The slip tubes enabled horizontal adjustments 

66, and the LED block vertical movement 64. 

The next development in our experimental progression 

eliminated use of a mechanical eye-tracker.    A video monitor 

is used to show real-time video of the eye being viewed for 

data collection. 
The subject views his or her own eye on the monitor, 

and can rapidly correct for positioning of the eye, thus 

minimizing the amount of white cf the eye showing — and 

allowing for detection of unwanted reflections.    Looking at 

a. real-time video is faster and easier than doing eye-track- 

ing using the mechanical tracking system. 

Selected single frames were stored using a frame grab- 

ber or Snappy"15 image-capture card.    In this process, data 

collection took a long time because frames with>high data 

error _ usually half of the frames taken — had to be dis- 

carded . 
Next a video recorder was employed.    For experimental 

purposes the start time, lamp color, filters, blood sugar 

values, commentary and end time were annotated audibly. 
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Four to five minutes of video data were taken continuously. 

The end result was thousands of frames  (at a frame rate of 

thirty per second)  from which to handpick later. 

Good frames could be selected, saving a great amount of. 

time.    This also proved that the accuracy and repeatability 

were very high, much better than current blood-glucose me- 

ters on the market at twenty- to thirty-percent error. 

Experimental work also explored numerous illumination 

arrangements with multiple electromagnetic-radiation sour- 

ces,  including arrayed LEDs of different colors in various 

geometries.    Currently favored illumination geometry, howev- 

er, as noted earlier provides a single electromagnetic- 

radiation source such as an LED 33  (Fig.  8). 

In the best of these configurations,  the LED was held 

centered by a diametral vane or web 72  (Figs.  7 and 8) with 

a hollow central hub 73 for the LED,  in an aluminum bezel 

71.    The LED is held in front of the camera lens and aimed 

at the eye. 
The back of the LED is covered with black tape 81 to. 

shield the lens (surface) 15 so that none of the direct LED 

electromagnetic radiation is picked up by the camera. Only 

the electromagnetic radiation reflected by the pupil 31 and 

iris 32 is seen by the camera. This scheme also enables the 

subject zo center the subject's own eye by looking directly 

into the LED — or a grain-of-wheat size incandescent bulb. 

Bezels were made to accommodate two sizes of LED: a 

so-called "Tl" 3mm and a "T-1V   (5 mm).    The larger LED 

masks the entire pupil — thereby negating the data that 

would be gathered for pupil calibration.    The data collected 

is nevertheless very useful in obtaining the correction fac- 

tor to establish total system linearity. 

The bezel portion that goes over the lens shade has a 

1.39 inch inside diameter, with a 0.05 inch wall,  0.3 inch 

deep.    The web that holds the LED has a thickness of 0.04 

inch  (to minimize the masking of data from the iris to the 

CCD camera)  and is 0.125 inch deep. 
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A goal during data-taking is to illuminate the iris to 

the point, at least, 1/2 full well on the total digital num- 

ber (D/N) possible — or alternatively full well of the CCD 

camera.    Empirical data-collection and -manipulation sug-. 

5  gests that 1/4 full well may be a minimum needed to provide 

the amount of data necessary for all manipulation of cali- 

bration, subtraction and averaging for our experimental pro- 

totype system. 

jo Whereas our experimental efforts have employed a PC for 

data manipulation to get a glucose value, our invention con- 

templates — as a first step toward portability — making a 

hybrid integrated circuit to replace the PC.    It also ap- 

pears worthwhile to develop a -foolproof" transmitter coded 

15   to transmit blood-sugar values directly to a diabetic's in- 

sulin pump, as well as calculation of utilization time and 

amount of insulin.    Eventually continuous readings through a 

convenient means — such as for example eyeglass-mounted 

sensors — would bring the diabetic and others back to a 

20  more-normal life. 

8.       IMAGE-PROCESSING SOFTWARE 

25 Two programs,  "Glucon3*" and -Average", were written for 

implementation of the present invention and were instrumen- 

tal in performing, research and obtaining quantitative re- 

sults from our experimentation.    Both programs were devel- 

oped from scratch using a graphical programming language 

30  known as "C?*",  and also known as LabView3*1 5.0 — with the. 

IMAC?51 imaging tools. 
A so-called -graphical programming language" accepts 

program commands, including flow of logic, not as verbal, 

syntax but rather in the form of geometrical connections and 

55  relationships among diagrammatic elements as in Figs. 11 

through 19.    Such graphical entries, however, are interpre- 

ted by a compiler analogously to the way in which verbal 
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syntax is interpreted in use of more-traditional programming 

languages. 
Glucon has several experimental features  (filters, pix- 

el comparison algorithms, adjustable display mode, etc.). 

5   It evolved during early experimentation phases to permit 

trial-and-error analysis of the image data.    In the state 

described here, it is used to process eye image input and 

automatically yield the final glucose measurement as de- 

scribed above. 

10 While our system is imaging a subject eye, them com- 

puter screen displays an operator control panel  (Fig. 9) 

that includes various buttons and other controls — and also 

both the image presentation (at left) and the GLU or IDN 

values in milligrams per deciliter  (mg/dL)  as calculated 

,5  from the images.    In addition, histograms show (Fig. 10) rhe 

results of different processing stages within the program. 

The G program produces the results described above. 

The first program, Glucon (listed in Figs. 11 through 19), 

is the software key to extracting information in accordance 

20  with this invention.    It embodies all necessary algorithms 

and techniques for primary operation of the invention to 

obtain IDN or GLU values. 
The second program, Average, is used to correlate the 

IDN or GLU values obtained from an imaged eye with the actu- 

25  al amount of patient blood sugar.    It processes a user-se- 

lectable number of images of a subject eye, all taken at a 

particular sugar level — i_^U in quick succession. 

In operation, Average creates a statistical box and 

then obtains the average and absolute IDN or GLU limits. 

»   These values are used to build a table of IDN-to-blood-sugar 

conversions. 
Fig. 20 shows the on-screen operator control panel of 

Average.    Figs. 21 and 22 represent three pages of G code 

that represent the entire program, Average, used to obtain 

«  calibrated IDN-to-glucose data from the IDN or GLU values. 
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9.      GLAUCOMA MEASUREMENTS 

PCT/US99/21680 

Our work has also suggested that curvature of the iris 

reveals glaucoma pressure at close focal length.   An eye ma- 

5  chine can be used to automatically give difference in com- 

parative focal lengths of inner iris ys^ outer iris as an 

indicator of pressure. 

Here the distance Firia ID (Fig. 23)  represents the dis- 

tance from the vertex plane of a CCD camera lens 15 to the 

w  inside diameter  (ID) of the iris — in other words, to the 

circular transition between the iris 32 and the pupil 31. 

Analogously Firi5 Q3 represents the distance from the lens ver- 

tex plane to the outside diameter  (OD)  of the iris       i. e. , 

to the circular transition between the iris 32 and the white 

is   30'  of the eye 30. 
In the upper "A" view,  these two distances    Fixi5 I3 and 

Fi-is OD are substantially equal,  Firis ID = Firia 0D-    Th:LS indi- 

cates a balanced or ncjrmal pressure condition within the 

eye.    In the lower "B" view, the two distances are no longer 

20   equal:    specifically,  the ID.distance now exceeds the OD 

distance,  Firis I3 > Firis „,  thereby indicating abnormal, exces- 

sive pressure. 
The incremental distance 91, which is to say the dif- 

ference Fitun ~ Flrl50D  (or ratio)  between the two distances, 

25   is related to pressure.    Focal determinations thus yield a 

measure of intraocular pressure, a large distance corre- 

sponding to high pressure and a small distance to low pres- 

sure.    Depth of field, for example 0.3 mm (0.012 inch), may 

form a limitation on this technique. 

39 

It will be understood that the foregoing disclosure, 

and that of the following Appendix, are intended to be 

26  merely exemplary, and not to limit the scope of the inven- 

tion — which is to be determined by reference to the ap- 

pended claims. 
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T,TUIT TS r.TAIMED IS: 

1. Noninvasive apparatus for measuring blood-sugar concen- 

tration in a body by measuring electromagnetic-radiation re- 

flectivity from the body; said apparatus comprising: 

•  means for directing electromagnetic radiation to such 

body; and 
means for receiving and measuring electromagnetic radi- 

ation reflected from such body substantially without spec- 

tral analysis of the reflected electromagnetic radiation. 

2.      The apparatus of claim 1 for use in measuring electro- 

magnetic radiation reflectivity from an eye of such body, 

wherein: 
the directing means direct electromagnetic radiation to 

such eye; and 
the receiving and measuring means comprise means for 

receiving and measuring electromagnetic radiation reflected 

from such eye. 

3. The apparatus of claim 1, wherein the receiving and 

measuring means comprise: 

a monochrome detector array. 

4.      The apparatus of claim 3, wherein: 

the monochrome detector array comprises a black-and- 

white CCD camera. 

5.      The apparatus of claim 4, wherein: 

the receiving and measuring means comprise a digital 

processor for analyzing signals from the CCD camera. 
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6. The apparatus of claim 1, wherein: 

the receiving and measuring means comprise a digital 

processor for analyzing signals representative of quantities 

of the reflected electromagnetic radiation. 

7. The apparatus of claim 6, wherein: 

the digital processor is part of a personal computer; 

and 
the blood glucose level is reported on a monitor screen 

of the computer. 

6.      The apparatus of claim 6, wherein: 

the apparatus is a handheld portable unit; 

the unit comprises reporting means for indicating the 

blood glucose level; and 
the digital processor is part of the handheld portable. 

unit. 

9.      The apparatus of claim 8, v/herein: 

the reporting means comprise an LCD unit for visually 

indicating the blood glucose level. 

10.    The apparatus of claim 1, wherein: 

the receiving and measuring means comprise means for 

detecting change in level of the reflected electromagnetic 

radiation and relating said change to blood-glucose 

concentration. 
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11. The apparatus of claim 1, wherein the receiving and 

measuring means comprise: 

means for detecting change in level of the reflected 

electromagnetic radiation; and 

means for reporting glucose concentration as a substan- 

tially monotonic response to reflected-electromagnetic-radi- 

ation level. 

12. The apparatus of claim 1, wherein the detecting means 

comprise: 
means for responding to reflected visible electromag- 

netic radiation. 

13. The apparatus of claim 1, wherein the detecting means 

comprise: 
means for responding to electromagnetic radiation in 

the yellow or yellow-green portion of the spectrum, or both. 

14. The apparatus of claim 1,. wherein: 

the means for receiving and measuring substantially 

without spectral analysis comprise means for eliminating 

response to electromagnetic radiation in the red or infra- 

red, cr both. 

15.    The apparatus of claim 1, wherein: 

the means for receiving and measuring substantially 

without spectral analysis do take into account a reverse 

signal response in the red cr infrared, or both. 
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16.    Noninvasive apparatus for measuring blood-sugar concen- 

tration in a living body by measuring electromagnetic-radia- 

tion reflectivity from the body; said apparatus comprising: 

a self-contained case; 

means, mounted to the case, for directing electromag- 

netic radiation to such body; and 

means, mounted to the case, for receiving and measuring 

electromagnetic radiation reflected from such body. 

17.    The apparatus of claim 16, wherein: 

the case is fully portable. 

18.    The apparatus of claim 16, wherein: 

the case fits in the palm of a normal-size adult's 

hand. 

19.    Noninvasive apparatus for measuring blood-sugar con- 

centration in a body by measuring electromagnetic-radiation 

reflectivity from an eye of the body; said apparatus 

comprising: 
5 means for directing electromagnetic radiation to an 

iris of such eye; 
means for receiving and measuring electromagnetic 

radiation reflected from such iris,- and 

a programmed digital processor for analyzing the meas- 

io  ured reflected radiation and computing blood-sugar concen- 

tration therefrom; 
wherein the programmed processor comprises means for 

using a reflection of the electromagnetic-radiation source, 

from such eye, as a peak amplitude point for image align- 

is ment. 



WO00/16692 PCI7US99/21680 

.33- 

20.    The apparatus of claim 19, wherein the receiving and 

measuring means also comprise means for receiving and mea- 

suring electromagnetic radiation from a pupil of such eye, 

for determination of: 

a baseline dark level, or 
an illumination level provided by the electromagnetic- 

radiation directing means, or 
both said baseline dark level and said illumination 

level. 

21. A blood-glucose measuring method comprising the steps 

of: 
imaging forward surfaces of a person's eye on an elec- 

tronic camera; 
5 digitizing resultant image signals from the camera; 

to determine blood-glucose level, processing pixel sig- 

nals representing the iris, separately from pixel signals 

representing other parts of the eye. 

22. The method of claim 21,  further comprising the steps 

°f'    processing pixel signals representing the pupil to ob- 

tain a baseline dark level or an illumination level, or 

5  both; and 
applying the dark level or illumination level, or both, 

to refine the pixel signals representing the iris. 

23.    The method of claim 22,. wherein the processing step 

comprises: 
applying average reflected intensity level of the pupxl 

to represent the dark level baseline. 
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24. The method of claim 21, wherein: 

the iris-pixel signal processing comprises integrating 

all usable iris-pixel signals to produce a unitary intensity 

indication. 

25. The method of claim 24, wherein: 

the applying step comprises integrating into said indi- 

cation only intensities that arc- higher than that of the 

pupil. 

26. The method of claim 21,  further comprising the step of: 

substantially removing image scene and illumination 

variation. 

27. The method of claim 21,  further comprising the step of: 

calibrating readings for an individual patient. 

28. The method of claim 21, further comprising the step of: 

masking out the pupil pixels from the iris region. 

29. The method of claim 28, wherein: 

the masking step comprises applying a software pupil 

mask that substantially stabilizes the number of iris pixel 

available for use and substantially stabilizes pupil center 

ing within the iris image. 

30. "    The method cf claim 29, wherein: 

the pupil mask is larger than the largest pupil diame- 

ter occurring in measurement conditions. 
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31. The method of claim 21, further comprising the step of: 

masking out the pupil pixels from the iris region. 

32. The method of claim 21, further comprising the step of: 

diffusing source electromagnetic radiation to minimize 

hot spots. 

33. The method of claim 21, further comprising the step of: 

removing peak signal amplitudes, to minimize the effect 

of illumination hot spots. 

34. The method of claim 21, further comprising the step of: 

trapping illumination hot spots, to enable disregarding 

hot-spot regions in said processing step. 

35. The method of claim 21, further comprising the step of: 

adjusting image contrast to substantially fill the 

complete dynamic range of pixel data.words. 

36.    The method of claim 21, further comprising the step of: 

looking up the measured level in a lookup table to ob- 

tain a corresponding numerical blood-glucose concentration 

indication in quantity of glucose per unit blood volume. 

37.    The method of claim 21, wherein: 

said digitizing step comprises distinguishing 

electromagnetic-radiation-intensity changes at least as 

small as one part in ten thousand. 
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38. The method of claim 21, comprising these steps: 

finding a centroid of the pupil of /the eye; 

calculating average brightness around the pupil 

centroid; 

masking out the pupil region of the eye; 

equalizing the iris image using the pupil brightness as 

a level baseline; 

removing hot spots if present; 

integrating all of the processed iris pixels to obtain 

a numerical representation of brightness level of the iris; 

searching a lookup table to apply a previously devel- 

oped calibration and thereby determine an imputed glucose 

concentration in quantity of glucose per unit volume; and 

displaying the imputed glucose concentration. 

39. A blood-glucose measuring method for use with a small 

electromagnetic-radiation source and comprising the steps 

of: 
automatically finding a reflection, from a patient's • 

pupil, of the electromagnetic radiation; and 

automatically performing a position alignment based 

upon the location of said reflection of the electromagnetic 

radiation. 

40. The method of claim 39, further comprising the step of: 

zeroing-out the area within the electromagnetic-radia- 

tion source,  to form an image of forward surfaces of the eye 

without the electromagnetic-radiation source. 

41. The method of claim 39,  for use with a. centrally dis- 

posed electromagnetic-radiation source and further compris- 

ing the step of: 
growing a pupil mask,  starting from the electromagnet- 

ic-radiation source as a centerpoint, to cover the pupil 

area in the image. 
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42.    The method of claim 41, further comprising the step of: 

capturing brightness level in an area under the aligned 

pupil mask for use in a dark-level calibration. 

43.    Apparatus for measuring blood-sugar concentration in a 

living body by measuring electromagnetic-radiation reflec- 

tivity from an eye of the body; said apparatus comprising: 

a detector array; 
a small electromagnetic-radiation source held directly 

in front of the detector array, for directing electromag- 

netic radiation to such eye; and 

means for receiving and measuring electromagnetic 

radiation reflected from such eye. 

44.    The apparatus of claim 43,  further comprising: 

a lens between the detector array and the 

electromagnetic-radiation source. 

45.    The apparatus of claim 44, wherein: 

the electromagnetic-radiation source shines toward the 

eye from, substantially the geometric center of the lens. 

46.    The apparatus cf claim 43, wherein: 
the electromagnetic-radiation source shines toward the 

eye from substantially the effective geometric center of the 

array. 

47.    The apparatus of claim 46,  further comprising: 

means' for using a reflection of the electromagnetic- 

radiation source, from such eye, as a peak amplitude point 

for finding the image center. 
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48. The apparatus of claim 43,  for use in measuring blood 

glucose concentration for such body of a human being; and 

wherein: 

the electromagnetic-radiation source is a visual cen- 

s   tering target for the humjan being; 

wherein,  to take a measurement,  the human being looks 

substantially directly toward the electromagnetic-radiation 

source. 

49. Apparatus for measuring blood-sugar concentration in a 

living body by measuring electromagnetic-radiation reflec- 

tivity from blood of the body; said apparatus comprising: 

means for directing electromagnetic radiation to such 

5  blood; and 
means for receiving and measuring electromagnetic radi- 

ation reflected from such blood substantially without spec- 

tral analysis of the reflected electromagnetic radiation. 

50. A noninvasive method for measuring intraocular pressure 

by measuring electromagnetic-radiation focal characteristics 

for forward surfaces of the eye;  said method comprising the 

steps of: 
5 finding focal distances to the inner and outer diame- 

ters of the iris.respectively; and 

interpreting discrepancy between said focal distances 

as a measure of said pressure. 
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NONINVASIVE MEASUREMENT OF BLOOD SUGAR 

RASED ON OPTOELECTRONIC OBSERVATIONS OF THE EYE 

RELATED U.   S.   PATENT DOCUMENTS 

This application claims priority of United States Pro- 

visional Patent Application serial 60/100,804 of Walter K. 

Proniewicz and Dale E. Winther,  filed on September 18, 1998, 

and now wholly incorporated by reference into the present 

document.    Except for a prior-patent listing and some com- 

mentary about prior art which appear below, this application 

is based substantially exclusively upon that provisional 

application and is accordingly believed to contain no new 

matter with respect to that application. 

rtPT.n QP THE INVENTION 

This invention relates generally to noninvasive blood 

testing; and more particularly to optoelectronic determina 

tion of glucose concentration in the blood, also called 

"blood sugar".    Optoelectronic determination of glaucoma 

overpressure within the eye is also introduced. 

RACKGROUNH OF THE INVENTION 

In various scientific and medical applications, blood 

testing is an invasive procedure,  sometimes requiring blood 

to be drawn several times a day.    This is true in particular 

for sufferers of diabetes — including one of the present 

inventors. 
Existing methods use hypodermic syringes inserted into 

veins or arteries, and lancing devices for fingertips and 
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earlobes.    With these methods, frequent blood testing is un- 

comfortable and even frightening, particularly for young 

children and the very ill — or those with collapsed veins. 

Furthermore people with a chronic condition or illness 

s  often experience pain,  infection, or loss of feeling due to 

scarring, as a result of frequent self-testing.    These nega- 

tive considerations discourage many from taking responsibil- 

ity for their own illnesses, thus deterring them from enjoy- 

ing a full, normal life. 

10 After blood has been drawn and placed on an indicator 

strip,  it can be analyzed for blood glucose by handheld de- 

vices that perform spectral analysis of the blood on the 

strip.    Some of these devices are nominally subject to plus- 

cr-minus twenty- or thirty-percent error, and it is com- 

75  monplace for two such devices to report blood-sugar values 

differing by 80 mg/dL and more — even when the reported 

values are both well below 200 mg/dL. 

Some United States patents,.adduced by a professional 

searcher,  that may be relevant to the present invention are 

20   5,713,352; 5,572,596;  5,471,542;  5,433,197; 5,432,866; 

*  5,291,560; 5,016,282;  4,641,349; 3,958,560; and 3,533,683. 

Thus the blood-monitoring field has failed to provide 

methods for determining blood glucose and other blood con- 

25   stituents.precisely, accurately, and without the pain, in- 

fection and other physiological and psychological detriments 

mentioned above.    As can now be seen, prior art in this 

field is subject to significant problems, and have left room 

for considerable improvement. 

30 

SUMMARY HF THE DISCLOSURE 

3S The present invention introduces such improvement. The 

invention has several facets or aspects which are usable in- 

dependently — although for greatest enjoyment of their ben- 
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efits we prefer to use them together, and although some of 

them do have some elements in common; 

In preferred embodiments of a first of its independent 

aspects, the invention is noninvasive apparatus for measur- 

ing blood-sugar concentration in a living body by measuring 

electromagnetic-radiation reflectivity from the body. The 

apparatus includes some means for directing electromagnetic 

radiation to such body. For purposes of breadth and gener- 

ality in discussion of the invention we shall refer to these 

means simply as the "directing means". 

In addition the apparatus includes some means for re- 

ceiving and measuring electromagnetic radiation reflected 

from such body substantially without spectral analysis of 

the reflected electromagnetic radiation.    Again for general- 

ity and breadth we shall call these the "receiving and meas- 

.uring means". 
The foregoing may represent a description or definition 

of the first aspect or facet cf the invention in its broad- 

est or most general form.    Even as couched in these broad 

terms, however, it can be seen that this facet of the inven- 

tion importantly advances the art. 

In particular, this facet of the invention entirely 

eliminates need for piercing the body or otherwise obtaining 

blood samples,  and so avoids the discomfort, fear and other 

detriments discussed above.    Furthermore this aspect of the 

invention is advantageous in that it requires no elaborate 

spectral modulation, or multiple detectors for different 

wavelength regions, or dispersive elements — such as re- 

quired to perform spectral analysis. 

The absence of requirement for spectral analysis is a 

direct result of our very interesting discovery that elec- 

tromagnetic radiation reflected from the iris bears a mono- 

tonic relationship (though different in different wavelength 

regions) to glucose concentration in the blood. In conse- 

quence, the apparatus is remarkably simple, economical and 

reliable. 
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Although the first major aspect of the invention thus 

significantly advances the art, nevertheless to optimize 

enjoyment of its benefits preferably the invention is prac- 

ticed in conjunction with certain additional features or 

characteristics.    In particular, preferably the directing 

means direct electromagnetic radiation to an eye of the 

body; and the receiving and measuring means include some 

means for receiving and measuring electromagnetic radiation 

reflected from the eye. 
Further preferably the receiving and measuring means 

comprise a monochrome detector array — and in this case 

still more preferably the monochrome detector array compri- 

ses a black-and-white charge-coupled-detector  (CCD) camera. 

Another related preference is that the receiving and measur- 

ing means include a digital processor for analyzing signals 

from the CCD camera. 
More generally, such a processor is desirable for ana- 

lyzing signals representative of quantities of the reflected 

electromagnetic radiation.    In this case one preference is 

that the digital processor be part of a personal computer, 

and the blood glucose level is reported on a monitor screen 

of the computer. 
An alternative preference, however, is that the appara- 

tus be a handheld portable unit, that the unit include 

;  reporting means for indicating the blood glucose level, and 

that the digital processor be part of the handheld portable 

unit.    in this case preferably the reporting means include 

an LCD unit for visually indicating the blood glucose level. 

Another basic preference is that the receiving and 

, measuring means include some means for detecting change in 

level of the reflected electromagnetic radiation, and relat- 

ing said change to blood-glucose concentration. Still 

another is that the receiving and measuring means include 

some means for detecting change in level of the reflected 

electromagnetic radiation — and also some means for report- 

ing glucose concentration that varies substantially monoton- 

ically with reflected-electromagnetic-radiation level. 

Another general preference is that the detecting means 

s 
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include some means for responding to reflected visible light 

  and,  in this case, particularly to light in the yellow or 

yellow-green portion of the spectrum, or both. 

Although the ' apparatus has been described as operating 

s   substantially without spectral analysis,  this is not inten- 

ded to imply that the apparatus is necessarily entirely un- 

able to differentiate between spectral regions.    For in- 

stance, preferably the apparatus includes some means for 

eliminating response to some particular electromagnetic-ra- 

10  diation band — e. a.  the red or infrared, or both. Simi- 

larlv the means for receiving and measuring substantially 

without spectral analysis preferably do take into account a 

reverse signal response in the red or infrared, or both. 

Other preferences will appear in regard to this first 

aspect  (and the others as well)  of the invention,  in the 15 
"DETAILED DESCRIPTION" section that follows. 

In preferred embodiments of a second major independent 

20   facet or aspect,  the invention is a noninvasive apparatus 

for measuring blood-sugar concentration in a living body by 

" measuring electromagnetic-radiation reflectivity-from the. 

body.    The apparatus includes a self-contained case. 

It also includes some means, mounted to the case, for 

25  directing electromagnetic radiation to the body.    Also in- 

cluded are some means, mounted to the case,  for receiving 

' and measuring electromagnetic radiation that is reflected 

from the body. 
The foregoing may represent a description or definition 

so  of the second aspect or facet of the invention in its broad- 

est or most general form.    Even as couched in these broad 

terms, however,  it can be seen that this facet of the inven- 

tion importantly advances the art. 

In particular, because we have established through pro- 

.35   totype experimentation and testing that the entire invention 

is capable of reduction to be carried within a self-con- 

tained case,  the many benefits of noninvasive measurement 

can be enjoyed in a unit that need not take the form of a 
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machine only suited for use in a medical facility. Rather, 

the invention can be implemented in a machine suited,for 

patients' use at home, or at an ordinary office or other 

business — or in cars, restaurants, etc. 

Although the second major aspect of the invention thus 

significantly advances the art, nevertheless to optimize 

enjoyment of its benefits preferably the invention is prac- 

ticed in conjunction with certain additional features or 

characteristics.    In particular, preferably the case is 

fully portable.   Also in this instance preferably the case 

fits in the palm of a normal-size adult's hand.. 

In preferred embodiments of a third of its major inde- 

pendent facets or aspects, the invention is a noninvasive 

apparatus for measuring blood-sugar concentration in a 

living body by measuring electromagnetic-radiation reflec- 

tivity from an eye of the body.    The apparatus includes some 

means for directing electromagnetic radiation to an iris of 

such eye.    It also includes some means for receiving and 

measuring electromagnetic radiation reflected from such 

iris.    Also included is a programmed digital processor that 

analyzes the measured reflected radiation and computing 

blood-sugar concentration therefrom — and in particular 

uses a reflection of the electromagnetic-radiation source, 

from the eye, as a peak amplitude point for image alignment. 

The foregoing may represent a description or definition 

of the third aspect or facet of the invention in its broad- 

est or most general form.    Even as couched in these broad 

terms,' however, it can be seen that this facet of the inven- 

tion importantly advances the art. 
In particular, the eye is generally available for opto- 

electronic measurements without the subject's disrobing or 

any other great inconvenience.    Moreover, condition of the 

blood in the eye is generally particularly rapid in its re- 

sponse to or tracking of the condition of the blood in other 

critical parts of the body — particularly the brain. 
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Although the third major aspect of the invention thus 

significantly advances the art, nevertheless to optimize 

enjoyment of its benefits preferably the invention is prac- 

ticed in conjunction with certain additional features or 

s  characteristics.    In particular, preferably the receiving 

and measuring means also include some means for receiving 

and measuring electromagnetic radiation from a pupil of the 

eye. 
This preference facilitates determination of a baseline 

10  dark level, or of an illumination level provided by the 

electromagnetic-radiation directing means, or both. 

In preferred embodiments of a fourth of its major in- 

15  dependent facets or aspects, the invention is a blood-glu- 

cose measuring method.    The method includes the step of 

imaging forward surfaces of a person's eye on an electronic 

camera.      It also includes digitizing resultant image sig- 

nals from the camera.    Further the method includes — to 

20  determine blood-glucose level — processing pixel signals 

representing the iris, separately from pixel signals repre- 

senting other parts of the eye. 

The foregoing may represent a description or definition 

of the fourth aspect or facet of the invention in its broad- 

25  est or most general form.    Even as couched in these broad 

terms, however, it can be seen that this facet of the inven- 

tion importantly advances the.art. 

In particular, analysis of conditions.in the iris is 

ad'vantageous in that the iris exhibits monotonic relation- 

30  ships  (peculiar to different wavelength regions) between 

reflected electromagnetic-radiation level and glucose con- 

centration — enabling enjoyment of the previously mentioned 

benefits of measurement without spectral analysis. 

Furthermore the separation of iris and pupil signals 

35   for processing is amenable to straightforward implementation 

based upon geometry, leading to easy compensation for vary- 

ing illumination level and the like as previously mentioned. 
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Although the fourth major aspect of the invention thus 

significantly advances the art, nevertheless to optimize 

enjoyment of its benefits preferably the invention is prac- 

ticed in conjunction with certain additional features or 

characteristics.    In particular, preferably the method also 

includes the steps of processing pixel signals representing 

the pupil to obtain a baseline dark level or an illumination 

level, or both — and also applying the dark level or illu- 

mination level, or both, to refine the pixel signals repre- 

senting the iris.    In this case advantageously the process- 

ing step includes applying an average reflected intensity 

level of the pupil to represent the dark level baseline. 

Another general preference is that the iris-pixel. 

signal processing comprises integrating all usable iris- 

pixel signals to produce a unitary intensity indication. In 

this case preferably the applying step includes integrating 

into the indication only intensities that are higher than 

that of the pupil. 
Yet another basic preference is to include the step of 

substantially removing image scene and illumination varia- 

tion.    Still another preference is to include the step of 

calibrating readings for an individual patient. 

Another general preference is to include masking out 

the pupil pixels from the iris region.    In this case the 

masking step also preferably includes applying a software 

puoil mask that substantially stabilizes the number of iris 

pixels available for use, and substantially'stabilizes pupil 

centering within the iris image.    Further if this is done 

preferably also the pupil mask is larger than the largest 

pupil diameter occurring in measurement conditions. 

Other general preferences relative to the method of our 

invention include these steps, considered individually: 

■   masking out the pupil pixels from the iris region; 

m   diffusing source electromagnetic radiation to minimi 

hot spots; 
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-    removing peak signal amplitudes, to minimize the effect 

of illumination hot spots; 

.    mapping illumination hot spots,  to enable disregarding 

s hot-spot regions in said processing step; 

"    adjusting image contrast to substantially fill the 

complete, dynamic range of pixel data words; 

«   looking up the measured level in a lookup table to ob- 

tain a corresponding numerical blood-glucose concentra- 

tion indication in quantity of glucose per unit blood 

volume; and 

15 D    said digitizing step comprises distinguishing 

electromagnetic-radiation-intensity changes at least as 

small as one part in ten thousand. 

Another preference, still as to the fourth  (method) aspect 

2o   of our invention,  is this sequence of steps: 

»    finding a centroid of the pupil of the eye; 

calculating average brightness around a pupil centroid; 

□    maskina out the pupil region of the eye; 

25      .    equalizing-the iris image using the pupil brightness as 

a level baseline; 

»    removing hot spots.if present; 
-    integrating all of the processed iris pixels to obtain 

a numerical representation of brightness level of the 

30 iris; 
=    searching a lookup table to apply a prevxously devel- 

oped calibration and thereby determine an imputed glu- 

cose concentration in quantity of glucose per unit 

volume; and 
35      u   displaying the imputed glucose concentration. 
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in preferred embodiments of a fifth major independent 

facet or aspect, the invention is a blood-glucose measuring 

method for use with a small electromagnetic-radiation 

source.    This method includes the step of automatically 

5  finding a reflection, from a patient's pupil, of the elec- 

tromagnetic radiation. 
The method also includes the step cf automatically per- 

forming a position alignment based upon the location of the 

reflection cf the electromagnetic radiation.    The foregoing 

10  mav represent a description or definition of the fifth as- 

pect, or facet of the invention in its broadest or most gen- 

eral form.    Even as couched an these broad terms, however, 

it can be seen that this facet of the invention importantly 

advances the art. 
f5 m particular,  this mode of operation very easily re- 

solves several otherwise knotty problems of alignment, which 

can otherwise threaten the integrity of the overall measure- 

ment orocess - since, the process is sensitive to alignment 

and control of signal returns from the white of the eye as 

20   well as the pupil- 

althouah the fifth major aspect of the invention thus 

significantly advances the art, nevertheless to optimize 

enjovment of its benefits preferably the invention is prac- 

2s  ticed in conjunction with certain additional features or 

.h-acteristics.    In particular, preferably the method also 

ir~ludes zeroing-out the area within the electromagnetic- 

radiation source,  to form an image of forward surfaces of 

the eye without the electromagnetic-radiation source. 

Another ^reference, especially when the method is for 

use with a centrally disposed electromagnetic-radiation, 

source, is the step of growing a pupil mask - starting from 

the electromagnetic-radiation source as a centerpoint — to 

cov- the ouoil area in the image.    In this case, preferably 

3S  the method also includes capturing brightness level m an 

area under the aligned pupil mask,  for use in a dark-level 

calibration. 
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In preferred embodiments of a sixth major independent 

facet or aspect, the invention is apparatus for measuring 

blood-sugar concentration in a living body by measuring 

electromagnetic-radiation reflectivity from an eye of the 

body.    This apparatus includes a detector array. 

It also includes a small electromagnetic-radiation 

source held directly in front of the detector array, for 

directing electromagnetic radiation to the eye.    In addition 

the apparatus has some means for receiving and measuring 

electromagnetic radiation reflected from the eye. 

The foregoing may represent a description or definition 

of the sixth aspect or facet of the invention in its broad- 

est or most general form.    Even as couched in these broad 

terms, however,  it can be seen that this facet of the inven- 

tion importantly advances the art. 

In particular, use cf a source in the described posi- 

tion greatly simplifies, in several ways,  the processing of 

data derived from the optical system.    Some specific bene- 

fits will be seen in the preferred implementations discussed 

immediately below and in the later "DETAILED DESCRIPTION" 

section of this document. 

Although the sixth major aspect of the invention thus 

significantly advances the art,  nevertheless to optimize 

enjoyment of its benefits preferably the invention is prac- 

ticed in conjunction with certain additional features or 

characteristics.    In particular, preferably the apparatus 

also includes a lens between the detector array and the 

electromagnetic-radiation source. 

In this case,  it is preferred that the electromagnetic- 

radiation source shine toward the eye from substantially the 

geometric center .of the lens — or, alternatively of the de- 

tector array.    In this case the apparatus further includes 

some means for using a reflection of the electromagnetic- 

radiation source, from the eye, as a peak amplitude point 

for finding the image center. 
A more general preference, still as to this sixth main 

aspect of the invention — and especially when the apparatus 
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is for use in measuring blood-glucose concentration for the 

body of a human being — is that the electromagneticrradia- 

tion source serve as a visual centering target for the human 

being.    In such a system, the human being looks substantial- 

s  ly directly toward the electromagnetic-radiation source to, 

in substance, automatically align or center (at least ap- 

proximately)  the pupil in the optical field. 

n In preferred embodiments of a seventh major independent 

facet or aspect, the invention is apparatus for measuring 

. blood-sugar" concentration in a living body, by measuring 

electromagnetic-radiation reflectivity from blood of the 

body.    The apparatus includes seme means for directing elec- 

{5  tromagnetic radiation to the blood. 
It also includes some means for receiving and measuring 

electromagnetic radiation reflected from the blood substan- 

tially without spectral analysis of the reflected electro- 

magnetic radiation.    From all the discussion,  in this docu- 

20  ment, of aspects of the invention,  those skilled in the 

field of noninvasive medical instrumentation will understand 

that the invention operates, in one way or another, based 

upon presence of the blood in the iris or elsewhere within 

the body — thereby making the blood available for optoelec- 

2s   tronic measurement.    Accordingly the invention is not limi- 

ted to the implementations expressly set forth. 

the foregoing operational principles and advantages 

»  of the oresent invention will be more fully appreciated upon 

consideration of the following detailed description, with 

reference to the appended drawings  (not to scale), of which: 

25 

/// 
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TflpTEr DESCRIPTION OP THE DRAWINGS 

Fig. 1 is a somewhat schematic diagram, in plan, of an 

experimental prototype CCD camera assembly used in preferred 

5  embodiments of the invention., and contemplated for adapta- 

tion into a commercial unit; 
Fig. 2 is a block diagram showing the image input data 

stream derived from optoelectronic measurements of an eye, 

using the Fig.  1 camera assembly in a central-illumination 

10  arrangement; 
Fig. 3 is an isometric view of a representative earlier 

prototype illumination geometry — one of several attempted, 

illustrating a diffuse-illumination approach; 

Fig. 4 is a like view of a prototype optical bench, 

is  particularly including a foam ocular and a forehead rest; 

Fig.  5 is a like but more detailed view of the Fig. 4 

rest; 
Fig.  6 is a like view of an early prototype eye-track- 

ing sys teni- 
ae Fig. 7 is a like view of an early prototype bezel for 

mounting at the front of the camera lens and for aiming a 

small electromagnetic-radiation source toward the eye; 

Fig.  8 is an enlarged view of the Fig.  7 bezel, shown 

with electromagnetic-radiation source and eye,  in longitudi- 

25  nal elevation generally along the system centeriine; 

Fig.  9 is an image of part of a representative operator 

control panel,  seen on a computer screen of our prototype 

apparatus while the system is imaging a subject eye; 

Fig.  10 is a like image of another part of the same 

30  control panel display, particularly showing histograms rep- 

resenting results of different processing stages within the 

program; 
Figs.' 11 through 19 are a G program listing (graphical 

programming, as explained below) of the digital-processor 

35   code that produces output values in «arbits" (arbitrary 

units)  related to glucose concentration; 

Fig. 22 is an image like Figs.  9 and 10, but for an- 

other display of a control panel — for a second program, 
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used to correlate arbit values with an actual amount of pa- 

tient blood sugar in conventional units; 

Figs. 21 and 22 represent two pages of G code that rep- 

resent the entire second program used to obtain calibrated 

s   iDN-to-glucose data as just mentioned; and 

Fig. 23 is a diagrammatic showing of focal-distance 

measurements that can be used to determine glaucoma pressure 

automatically with apparatus analogous to certain forms of 

the glucose-concentration measuring systems described here- 

10   in.    View A represents a normal-pressure condition, and view 

3 an abnormal or overpressure condition. 

,5   nff.T&TLED- "ggPRTPTION 
^r jflE  DPPFPRRED EMBODIMENTS 

OVERVIEW 

2o A method has been found to determine the amount of 

blood sugar without the need for invasive procedures. This 

technique can. determine sugar levels by analyzing reflected 

electromagnetic-radiation information from the eye. 

The process uses a black & white CCD TV camera and a 

25  personal computer.    A fully portable version that fits in 

the palm of one's hand is presently possible. 

The combined result of the camera/computer arrangement 

is a numeric output that displays blood-glucose levels in 

units of milligrams/deciliter, on a computer screen or small 

so  LCD display.    A handheld illumination and imaging system is 

used to take blood sugar measurements.. 

The system operates by integrating the reflected elec- 

tromagnetic radiation from the iris portion of the eye — 

not from the retina.    Numerous anterior blood vessels pres- 

zs  ent a means of directly observing bloodstream content with 

exterior optical methods. 
Glucose accumulations in this area produce a change in 

the intensity of reflected electromagnetic radiation The 
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more sugar present, the higher the level of reflected elec- 

tromagnetic radiation. 

This change in electromagnetic-radiation reflection is 

too small to be seen with normal observation methods. The 

5  ability to measure electromagnetic-radiation intensity 

changes as small as 1 part in 10/000 is required to detect 

blood sugar changes. 

The CCD camera images the eyeball and the image is dig- 

itized.    These data are processed to remove the pupil pix- 

io  els.    Only the iris pixels are used as representative of 

glucose values as such, but as explained elsewhere the pupil 

pixels are used to develop baseline and illumination levels. 

The iris pixels are integrated  (summed)  to produce a 

single intensity number.    We sometimes call this the "inte- 

is   grated data number" or IDN for short; it is interchangeably 

designated "GLU", for glucose value. 

The IDN  (or GLU) value can be calibrated by removing 

image scene and illumination discrepancies.    It can be 

further calibrated to an individual patient to produce an 

20   extremely accurate IDN-to-blood-sugar correlation. Repea- 

table scene geometry is also very desirable for accurate 

measurements. 

25   2.      MASKING AND NORMALIZATION 

As mentioned above, the primary IDN calibration tech- 

nique uses pupil reflection and-geometry data. Changes in 

input electromagnetic-radiation levels are detected by 

jo   sensing pupil brightness. 

The average reflected intensity level of the pupil is 

used as the dark-level baseline for IDN processing. Only 

intensities that are higher than that of the pupil are inte- 

grated into the IDN. 
35 This is a scene-to-scene automatic electromagnetic- 

radiation level calibration.    If the scene electromagnetic- 

radiation level goes up, so do the levels of the pupil and 

the iris. 
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Th e pupil level offsets the higher iris level and pre- 

serves the scene-to-scene relative brightness.    This.guaran- 

tees that only sugar-level increases will cause measured in- 

tensity increases. 

5 A further problem involves changes in pupil diameter 

and pupil centering within the scene.    If these components 

are not held constant, the total number of iris pixels 

available for integration will change. 

To control these effects, a software pupil mask is em- 

10  ployed.    This zeroes-out a fixed region around the pupil. 

It is larger than the largest pupil diameter and covers 

pupil-centering errors. 

Some iris pixels are zeroed in the process, but all 

image frames are treated'in the same way.    The pupil mask.is 

is   always the same size, and therefore all image frames contain 

the same number of iris pixels.    The geometric distortions 

due to pupil variations are eliminated. 

Another source of error is produced from illumination 

hot spots.    Good electromagnetic-radiation source diffusion 

20   is needed to prevent the problem. 

Hot-spot removal can be partially accommodated with 

software.    Peak signal amplitudes are-removed before the 

integration process.    In addition, Hot Spot mapping can be 

used to extract the troublesome regions prior to 

25 integration. 
Image contrast equalization (stretch)  is also applied. 

This causes pixels to fill the complete dynamic range of 

pixel data words. 
The pupil baseline data is applied to this process, 

so  permitting only the pixels that are brighter than the pupil 

to be remapped.    As a result, further processing takes place 

using data that have been scene-level-biased and equalized 

to a full amplitude range. 

35 
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3.      CALIBRATION AND READOUT 

The process of converting the IDN to a true glucose 

measurement requires a simple lookup operation to verify 

that the result is within a predetermined error band. The 

correlation from IDN to milligrams per deciliter (mg/dL) can 

be seen in the following formula. 

IGN    =  ' GL    +    IDN^. 

GL^v   ~~ GL^n 

These terms are defined as follows. 

implied glucose number 

=   highest possible IDN  (integrated data 

lowest possible IDN 

highest possible glucose value  (in mg/dL) 

lowest possible glucose value (mg/dL) 

actual glucose value (mg/dL) 

Inserting a milligram/deciliter value in GL yields its 

equivalent IDN value in IGN. 

Going from IDN to GL is accomplished by searching or 

hashing a lookup table.    When the IDN value is equal or al- 

most equal, to a bounded IDN table value,  GL is retrieved 

from the table and output as the glucose reading. 

The IDN lookup table is produced by averaging multiple 

calibrated IDN samples for known glucose values.    A fixed 

error range is based on a plus-or-minus deviation percentage 

from the average IDN, 

This is done for all available glucose numbers. Be- 

cause it is difficult to obtain values for every glucose 

number, values between known samples can be interpolated to 

create a complete table. 

IGN 

IDN^ 

number) 

GL^ax ~ 

GLmin = 

GL 
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4.       PROCESSING STEPS 

These are the discrete processes performed by our pro- 

totype systems: 

5 

a    image the eyeball 

■    find the centroid of the pupil 

to      ■    calculate the average brightness around the pupil 

centroid 

B    mask out the pupil region of the eye 

f5      o    equalize the iris image using the pupil brightness as a 

level baseline 

n    remove hot spots if present 

20      B    integrate all of the processed iris pixels 

*    search a lookup table to find the closest IDN-to-GL 

match 

2s      =    display the imputed glucose number in GL 

5.       IMAGE  INPUT PROCESSING 

30 

35 

To reduce the complexity of the image-input system, 

software has been developed to optimize camera positioning 

and illumination consistencies.    We have constructed an 

apparatus that holds a electromagnetic-radiation source 

directly in front of the camera lens. 

The electromagnetic radiation is made to shine onto the 

eye from the geometric center of the lens.    This results in 

even illumination of the eye, eliminating reflections and 

hot spots. 
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Two additional effects are created by this central-il- 

lumination geometry: 

» the electromagnetic-radiation source becomes a visual 

centering target for the patient; and 

"    the electromagnetic-radiation source becomes a peak 

amplitude point for finding the image center. 

The software finds the electromagnetic radiation  (seen as a 

hot spot in the center of the pupil)  and performs a position 

alignment based on its location. 

Having found the center of the pupil,  the software also 

performs the following processes. 

D    zero-out the area within the electromagnetic-radiation 

source,  to eliminate the electromagnetic-radiation 

source from the pupil image 

■    determine the eye registration within the camera frame, 

and calculate the useful image area 

» grow a pupil mask from the electromagnetic-radiation- 

source centerpoint and use it to cover the pupil area 

in the image 

tz capture the area under the aligned pupil mask for the 

dark-level calibration 

Additional system sensitivity and accuracy can be obtained 

by capturing multiple frames and summing their IDNs togeth- 

er.    Changes due to small movements of the eye are thereby 

averaged out.    Digitally summed IDNs also increase effective 

integration time, resulting in a larger dynamic range. 
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6.      WAVELENGTH EFFECTS 

It has been observed that most visible light colors 

work well for glucose detection.    Peak response appears to 

be in the yellow and yellow/green portion of the spectrum 

for the algorithm described above. 

A reverse signal response takes place with near infra- 

red illumination.    The higher the glucose level,  the lower 

the reflected electromagnetic-radiation. 

This reverse effect can also be seen in the red region 

of the visible spectrum and can disturb the linearity of the 

glucose response.    If the visible portion of the spectrum is 

used for the measurement, then using LED light sources that 

contain little or no red or infrared components improves 

measurement accuracy. 
It is reasonable to generalize the foregoing observa- 

tions, however, though this is not mentioned explicitly in 

our provisional application, to note what is common to both 

wavelength regions — jf e. that the level response is sub- 

stantially monotonic, namely either an increasing function 

or a decreasing function for the different wavelength re- 

gions respectively. 
The infrared reverse effect can be used to improve sys- 

tem accuracy. Infrared illumination yields a nonlinear con- 

version that produces a large dynamic range in the low-sugar 

region. This information can be processed for enhanced low- 

end performance. 
A combination of visible and infrared processing can be 

done to produce dual response tables.    These "inverse" re- 

sponse tables can be correlated to automatically verify the 

validity of glucose measurements.    This technique produces 

additional accuracy and means of system self-calibration. 

Our provisional application introduces the embodiments 

disclosed above, in which a black-and-white CCD array is 

able to collect sufficient information for blood-glucose 

determination — reflected electromagnetic-radiation level 

being distinctly correlated with glucose concentration. 
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This is accomplished through heavy reliance upon fur- 

ther electronic manipulation of the data.    Such operation is 

mechanically and optically simpler than, and is to be disji 

rinrmished from, the measurement mode that is also reported 

in our provisional application — and embodied in earlier 

prototypes of our apparatus — which employed rotating fil- 

ter wheels to perform rudimentary spectral differentiation. 

10   7.      FURTHER HARDWARE DETAILS 

A high-resolution black-and-white digital video camera 

assembly (Fig. 1) uses a charge-coupled detector (CCD) array 

as a sensor.    The camera includes a body 10 for housing the 

fs  CCD array, a mounting section 11 with an attachment thread 

29, a camera bias-voltage connector 12, and a video-out con- 

nector. 13. 
It will be understood that all of the details presented 

here relate to experimental prototypes that we have built 

20  and tested.    Representative dimensions for the assembly fol- 

low. 

marked value 

dimension (inches) 

25 

30 

21 2.18 

22 3.75 

23 0.75 

24 0.69  (CCD setback) 

25 2.38 

26 0.75 

27 1.25 

28 1.40 

2£ An extension tube 14 holds a 1:1.4 lens 15, making the 

focal length approximately 2H cm (one inch). The purpose of 

the extension tube is to maximize the amount of data from 
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the iris 32  (Fig. 2)  of the eye 30 and limit,  tc zero, the 

amount cf white of the eye. 

At the beginning of testing,  "Snappy3*" shots were 

selected. A Snappy, manufactured by'Play Inc., is an image- 

5  capture card for a personal computer  (PC).    It captures a 

one-thirtieth-second frame from a moving image and stores it 

for future analysis. 
Approximately forty percent of all frames were lost be- 

cause of movement cf the eye, reflections, and exposed white 

10  cf the eye.    The frames used are advantageously similar; the 

total digital numbers are preferably as close to each other 

as possible. 
To produce optical data for the camera, a small elec- 

tromagnetic-radiation source 33  (Fig.  2)  directs electromag- 

15  netic radiation 34 toward the center of an eye 30, and 

reflections 35 from the pupil 31 and iris 32 traverse the 

lens 15 to the CCD camera 10.    Note that no optical dis- 

persing or wavelength-selecting device is included. 

Thus the CCD camera 10 sees the reflected electromag- 

20   netic radiation 35 from the eye.    Raw video data 37 go to a 

digital interface 38,  which responds with corresponding 

digital data 39 that proceed into a computer 40. 

The central-illumination arrangement of Figs.  1 and 2 

was the successor to numerous earlier efforts based instead 

25   on diffuse illumination of and data collection from the eye. 

In the first successful, repeatable one of those  (Fig. 3), 

electromagnetic radiation from a forty-watt incandescent 

party bulb 43 was integrated by flat white paint on the 

walls of the room itself 

30  _ essentially a large integrating-sphere concept. 

The electromagnetic-radiation was arranged to approach 

the eye 30 at a right angle to the optical axis 41 between 

the lens and the eye,  to minimize formation of reflections 

and shadows.    To minimize the problem of hot spots and 

35   resulting high data counts, mostly caused by bare exposed 

lightbulbs,  the illumination was passed through a diffuser 

42         created from a plain white paper cylinder placed 

around the electromagnetic-radiation source. 
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To lessen the difficulties cf repeating frames.and 

holding the CCD camera steady, and to shield and eliminate 

reflections, an optical bench with a foam ocular 45  (Fig. 4) 

was built.    In addition, a headrest  (Fig. 5) helps stabilize 

the eye. 
The optical bench, three feet long, was fashioned from 

two aluminum rails 47  (Fig.  4) — a rectangular one, lying 

horizontal, and a square bar turned on the diagonal so that 

one corner fits into corresponding notched grooves in the 

base 48 of the headrest and in the base of the camera sup- 

port.    The bar allows movement only along the z-axis  (it ef t 

longitudinally).    This geometry also allows setting of dis- 

tances between the headrest  (i. e.,  the eye position) and 

the camera. 
The support, stand allows up-and-down  (y-axis) adjust- 

ment by means of a vertical red with an adjustment knob. 

The two rails are kept parallel by being mounted on two 

eight-inch crossbars with three legs made from machinist 

jackscrews.    One leg is attached to the center of the cross- 

bar;  the other two legs are attached at opposite ends of the 

other crossbar,  thereby allowing leveling in a classical 

manner. 
The headrest is mounted to a sliding aluminum base 48, 

to support two one-foot-long threaded vertical rods 54 hold- 

ing a curved aluminum forehead piece 46.    The whole mecha- 

nism is mounted.cn a' centered vertical support rod 53. A 

crossbar 52 supports a subject's chin on a soft pad (not 

shown),  and the forehead rests against the forehead piece 46 

to stabilize the head.    Adjustment and locking are facili- 

tated by an adjustment screw 52. 

The CCD camera is also mounted on a support rod,  set in 

a commercial support stand.    The rod is attached to the 

camera, which is inside a tubular cardboard electromagnetic- 

radiation shield 49  (made from a cardboard mailing tube). A 

trapdoor allows for adjustments to the camera with two 

camera-support screws through the tubular shield, centering 

the camera in the shield. 



WO00/16692 PCTAJS99/21680 

-24- 

The tube is four inches in diameter and fourteen inches 

long.    The trapdoor is eight inches long and section? out 

half of the tube,  starting one inch back from the front. 

The camera lens face is flush with the end of the tube. The 

5   interior of the tube is painted flat white. 

Various other experimental setups included some geome- 

tries with two tubes — one for each eye, with an eye-track- 

er disc placed in front of the eye not being sampled. We 

have settled, however, on a system with no ocular lens and 

10  in which the nondata eye is exposed for reasons that will 

become apparent. 
In one experimental setup,  a pair of slip-tube swing 

arms 69  (Fig.  6)  fixed to the camera mounts — above and 

below the tubular shield 49 —held a vertical rod 61 on 

is  which a block 62 slides up and down 64,  carrying a 

electromagnetic-radiation-emitting diode  (LED)  63.    The LED 

served as the electromagnetic-radiation source for central 

illumination.    The slip tubes enabled horizontal adjustments 

66, and the LED block vertical movement 64. 

20 
The next development in our experimental progression 

eliminated use of a mechanical eye-tracker.    A video monitor 

is used to show real-time video of the eye being viewed for 

data collection. 

25 The subject views his or her own eye on the monitor, 

and can rapidly correct for positioning of the eye, thus 

minimizing the amount of white cf the eye showing — and 

allowing for detection of unwanted reflections.    Looking at 

a real-time video is faster and easier than doing eye-track- 

30  ing using the mechanical tracking system. 

Selected single frames were stored using a frame grab- 

ber or Snappy™ image-capture card.    In this process, data 

collection took a long time because frames with high data 

error — usually half of the frames taken — had to be dis- 

35  carded. 
Next a video recorder was employed.    For experimental 

purposes the start time,, lamp color,  filters, blood sugar 

values,  commentary and end time were annotated audibly. 
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Foiir to five minutes of video data were taken continuously. 

The end result was thousands of frames  (at a frame rate of 

thirty per second) from which to handpick later. 

Good frames could be selected,  saving a great amount of 

5  time.    This also proved that the accuracy and repeatability 

were very high, much better than current blood-glucose me- 

ters on the market at twenty- to thirty-percent error. 

Experimental work also explored numerous illumination 

10   arrangements with multiple electromagnetic-radiation sour- 

ces, including arrayed LEDs of different colors in various 

geometries.    Currently favored illumination geometry, howev- 

er, as noted earlier provides a single electromagnetic- 

radiation source such as an LED 33   (Fig.  8). 

ts in the best of these configurations,  the LED was held 

centered by a diametral vane or web 72  (Figs.  7 and 8) with 

a hollow central hub 73 for the LED, in an aluminum bezel 

71.    The LED is held in front of the camera lens and aimed 

at the eye. 

20 The back of the LED is covered with black tape 81 to 

shield the lens (surface) 15 so that none of the direct LED 

electromagnetic radiation is picked up by the camera. Only 

the electromagnetic radiation reflected by the pupil 31 and 

iris 32 is seen by the camera.    This scheme also enables the 

25   subject to center the subject's own eye by looking directly 

into the LED — or a grain-of-wheat size incandescent bulb. 

Bezels were made to accommodate two sizes of LED: a 

so-called "Tl" 3mm and a "T-1V   (5 mm) .    The larger LED 

masks the entire pupil — thereby negating the data that 

so would be gathered for pupil calibration. The data collected 

is nevertheless very useful in obtaining the correction fac- 

tor to establish total system linearity. 

The bezel portion that goes over the lens shade has a 

1.39 inch inside diameter, with a 0.05 inch wall,  0.3 inch 

35  deep.    The web that holds the LED has a thickness of 0.04 

inch (to minimize the masking of data from the iris to the 

CCD camera)  and is 0.125 inch deep. 
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A goal during data-taking is to illuminate the iris to 

the point, at least, 1/2 full well on the total digital num- 

ber (D/N) possible — or alternatively full well of the CCD 

camera.    Empirical data-collection and -manipulation sug- 

5  gests that 1/4 full well may be a minimum needed to provide 

the amount of data necessary for all manipulation of cali- 

bration,  subtraction and averaging for our experimental pro- 

totype system. 

id Whereas our experimental efforts have employed a PC for 

data manipulation to get a glucose value, our invention con- 

templates — as a first step toward .portability — making a 

hybrid integrated circuit to replace the PC.    It also ap- 

pears worthwhile to develop a "foolproof" transmitter coded 

15   to transmit blood-sugar values directly to a diabetic's in- 

sulin pump, as well as calculation of utilization time and 

amount of insulin.    Eventually continuous readings through a 

convenient means — such as for example eyeglass-mounted 

sensors — would bring the diabetic and others back to a 

20  more-normal life. 

8.       IMAGE-PROCESSING SOFTWARE 

25 Two programs,  "Glucon*1" and "Average",  were written for 

implementation of the present invention and were instrumen- 

tal in performing research and obtaining quantitative re- 

sults from our experimentation.    Both programs were devel- 

oped from scratch using a graphical programming language 

30  known as "CP1",  and also known as LabVievP 5.0 — with the 

I MAC?1 imaging tools. 

A so-called "graphical programming language" accepts 

program commands, including flow of logic, not as verbal 

syntax but rather in the form of geometrical connections and 

35   relationships among diagrammatic elements as in Figs. 11 

through 19.    Such graphical entries, however,  are interpre- 

ted by a compiler analogously to the way in which verbal 
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syntax is interpreted in use of more-traditional programming 

languages. 

Glucon has several experimental features  (filters, pix- 

el comparison algorithms, adjustable display mode, etc.). 

sit evolved during early experimentation phases to permit 

trial-and-error analysis of the image data.    In the state 

described here,  it is used to process eye image input and. 

automatically yield the final glucose measurement as de- 

scribed above. 

^ While our system is imaging a subject eye,  them com- 

puter screen displays an operator control panel   (Fig. 9) 

that includes various buttons and other controls — and also 

both the image presentation  (at left)  and the GLU or IDN 

values in milligrams per deciliter  (mg/dL)  as calculated 

is   from the images.    In addition,  histograms show  (Fig.  10) the 

results of different processing stages within the program. 

The G program produces the results described above. 

The first program, Glucon  (listed in Figs.  11 through 19), 

is the software key to extracting information in accordance 

20  with this invention.    It embodies all necessary algorithms 

and techniques for primary operation of the invention to 

obtain IDN or GLU values. 

The second program, Average,  is used to correlate the 

IDN or GLU values obtained from an imaged eye with the actu- 

25 al amount of patient blood sugar. It processes a user-se- 

lectable number of images of a subject eye, all taken at a 

particular sugar level — i. e.  in quick succession. 

In operation, Average creates a statistical box and 

then obtains the average and absolute IDN or GLU limits. 

30   These values are used to build a table of IDN-to-blood-sugar 

conversions. 

Fig. 20 shows the on-screen operator control panel of 

Average.    Figs. 21 and 22 represent three pages of G code 

that represent the entire program, Average, used to obtain 

35   calibrated IDN-to-glucose data from the IDN or GLU values. 
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9.      GLAUCOMA MEASUREMENTS 

Our work has also suggested that curvature of the iris 

reveals glaucoma pressure at close focal length.    An eye ma- 

. 5  chine can be used to automatically give difference in com- 

parative focal lengths of inner iris vs. outer iris as an 

indicator of pressure. 

Here the distance Firis ID (Fig. 23)  represents the dis- 

tance from the vertex plane of a CCD camera lens 15 to the 

10   inside diameter (ID)  of the iris — in other words,  to the 

circular transition between the-iris 32 and the pupil 31. 

Analogously Firis 0D represents the distance from the lens ver- 

tex plane to the outside diameter  (OD)  of the iris — i . e. , 

to the circular transition between. the iris 32 and the white 

is  30' of the eye 30. 

In the upper "A" view,  these two distances    Firis ^ and 

Firis a, are substantially equal,  Firis ro = Firis 0D;    This indi- 

cates a balanced or normal pressure condition within the 

eye.    In the lower "B" view,  the two distances are no longer 

20   equal:    specifically,  the ID distance now exceeds the OD 

distance, Firis ID > Firis 0D/ thereby indicating abnormal, exces- 

sive pressure. 

The incremental distance 91, which is to say the dif- 

ference Firis ID - Firls 0D (or ratio)  between the two distances, 

25   is related to pressure.    Focal determinations thus yield .a 

measure of intraocular pressure,  a large distance corre- 

sponding to high pressure and a small distance to low pres- 

sure.    Depth of field,  for example 0.3 mm  (0.012 inch), may 

form a limitation on this technique. 

It will be understood that the foregoing disclosure, 

and that of the following Appendix, are intended to be 

2S  merely exemplary, and not to limit the scope of the inven- 

tion — which is to be determined by reference to the ap- 

pended claims. 
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WHAT  IS CLAIMED IS: 

1. Noninvasive apparatus for measuring blood-sugar concen- 

tration in a body by measuring electromagnetic-radiation re- 

flectivity from the body; said apparatus comprising: 

means for directing electromagnetic radiation to such 

5  body; and 
means for receiving and measuring electromagnetic radi- 

ation reflected from such body substantially without spec- 

tral analysis of the reflected electromagnetic radiation. 

2. The apparatus of claim 1 for use in measuring electro- 

magnetic radiation reflectivity from an eye of such body, 

wherein: 
the directing means direct electromagnetic radiation to 

5   such eye; and 

the receiving and measuring means comprise means for 

receiving and measuring electromagnetic radiation reflected 

from such eye. 

3. The apparatus of claim 1, wherein the receiving and 

measuring means comprise: 

a monochrome detector array. 

4. The apparatus of claim 3, wherein: 

the monochrome detector array comprises a black-and- 

white CCD camera. 

5. The apparatus of claim 4, wherein: 

the receiving and measuring means comprise a digital 

processor for analyzing signals from the CCD camera. 
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6. The apparatus of claim 1, wherein: 

the receiving and measuring means comprise a digital 

processor for analyzing signals representative of quantities 

of the reflected electromagnetic radiation. 

7. The apparatus of claim 6, wherein: 

the digital processor is part of a personal computer; 

and 

the blood glucose level is reported on a monitor screen 

of the computer. 

6.      The apparatus of claim 6, wherein: 

the apparatus is a handheld portable unit; 

the unit comprises reporting means for indicating the 

blood glucose level; and 

the digital processor is part of the handheld portable 

unit. 

9. The apparatus of claim 8, wherein: 

the reporting means comprise an LCD unit for visually 

indicating the blood glucose level. 

10. The apparatus of claim 1, wherein: 

the receiving and measuring means comprise means for 

detecting change in level of the reflected electromagnetic 

radiation and relating said change to blood-glucose 

concentration. 
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11.    The apparatus of claim 1, wherein the receiving and 

measuring means comprise: 

means for detecting change in level of the reflected 

electromagnetic radiation; and 

means for reporting glucose concentration as a substan- 

tially monotonic response to reflected-electromagnetic-radi- 

ation level. 

12. The apparatus of claim 1, wherein the detecting means 

comprise: 
means for responding to reflected visible electromag- 

netic radiation. 

13. The apparatus of claim 1, wherein the detecting means 

comprise: 
means for responding to electromagnetic radiation in 

the yellow or yellow-green portion of the spectrum, or both. 

14. The apparatus of claim 1, wherein: 

the means for receiving and measuring substantially 

-without spectral analysis comprise means for eliminating 

response to electromagnetic radiation in the red or infra- 

red, cr both. 

15. The apparatus of claim 1, wherein: 

the means for receiving and measuring substantially 

without spectral analysis do take into account a reverse 

'  signal response in the red cr infrared, or both. 
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16.    Noninvasive apparatus for measuring blood-sugar concen- 

tration in a living body by measuring, electromagnetic-radia- 

tion reflectivity from the body; said apparatus comprising: 

a self-contained case; 

means, mounted to the case, for directing electromag- 

netic radiation to such body; and 

means, mounted to the case,  for receiving and measuring 

electromagnetic radiation reflected from such body. 

17.    The apparatus of claim 16, wherein: 

the case is fully portable. 

18.    The apparatus of claim 16, wherein: 

the case fits in the palm of a normal-size adult's 

hand. 

19.    Noninvasive apparatus for measuring blood-sugar con- 

centration in a body by measuring electromagnetic-radiation 

reflectivity from an eye of the body; said apparatus 

comprising: 

5 means for directing electromagnetic radiation to an 

iris of such eye; 
means for receiving and measuring electromagnetic 

radiation reflected from such iris; and 

a programmed digital processor for analyzing the meas- 

io  ured reflected radiation and computing blood-sugar concen- 

tration therefrom; 
wherein the programmed processor comprises means for 

using a reflection of the electromagnetic-radiation source, 

from such eye, as a peak amplitude point for image align- 

15 ment. 
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20. The apparatus of claim 19, wherein the receiving and 

measuring means also comprise means for receiving and mea- 

suring electromagnetic radiation from a pupil of such eye, 

for determination of: ^ 

5 a baseline dark level, or 

an illumination level provided by the electromagnetic- 

radiation directing means, or 

both said baseline dark level and said illumination 

level. 

21. A blood-glucose measuring method comprising the steps 

of: 
imaging forward surfaces of a person's eye on an elec- 

tronic camera; 
5 digitizing resultant image signals from the camera; 

to determine blood-glucose level, processing pixel sig- 

nals representing the iris,  separately from pixel signals 

representing other parts of the eye. 

22. The method of claim 21,  further comprising the steps 

of: 
processing pixel signals representing the pupil to ob- 

tain a baseline dark level or an illumination level, or 

5  both; and 
applying the dark level or,illumination level, or both, 

to refine the pixel signals representing the iris. 

23. The method of claim 22, wherein the processing step 

comprises: 
applying average reflected intensity level of the pupil 

"to represent the dark level baseline. 



WO 00/16692 PCT/US99/21680 

- J-/- 

24.    The method of claim 21, wherein: 

the iris-pixel signal, processing comprises integrating 

all usable iris-pixel signals to produce a unitary intensity. 

5   indication. 

25.    The method of claim 24, wherein: 

the applying step comprises integrating into said indi- 

cation only intensities that are higher than that of the 

pupil. 

26.    The method of claim 21, further comprising the step o: 

substantially removing image scene and illumination 

variation. 

27.    The method of claim 21, further comprising the step of: 

calibrating readings for an individual patient. 

28.    The method of claim 21,  further comprising the step of: 

masking out the pupil pixels from the iris region. 

29.    The method of claim 28, wherein: 

the masking step comprises applying a software pupil 

mask that substantially stabilizes the number of iris pixels 

available for use and substantially stabilizes pupil center- 

5   ing within the iris image. 

30.    The method cf claim 29, wherein: 

the pupil mask is larger than the largest pupil diame- 

ter occurring in measurement conditions. 
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31.    The method of claim 21, further comprising the step of: 

masking out the pupil pixels from the iris region. 

32. The method of claim 21,  further comprising the step of: 

diffusing source electromagnetic radiation to minimize 

hot spots. 

33. The method of claim 21,  further comprising the step of: 

removing peak signal amplitudes,  to minimize the effect 

of illumination hot spots. 

34. The method of claim 21,  further comprising the step of: 

mapping illumination hot spots,  to enable disregarding 

hot-spot regions in said processing step. 

35. The method cf claim 21, further comprising the step of: 

adjusting image contrast to substantially fill the 

complete dynamic range of pixel data words.. 

36. The method of claim 21,  further comprising the step of: 

looking up the measured level-in a lookup table to ob- 

tain a corresponding numerical blood-glucose concentration 

indication in quantity of glucose per unit blood volume. 

37. The method of claim 21, wherein: 

said digitizing step comprises distinguishing 

electromagnetic-radiation-intensity changes at least as 

small as one part in ten thousand. 
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38. The method of claim 21, comprising these steps: 

finding a centroid of the pupil of the eye; 

calculating average brightness around the pupil 

centroid; 

5 masking out the pupil region of the eye; 

equalizing the iris image using the pupil brightness as 

a level baseline; 

removing hot spots if present; 

integrating all of the processed iris pixels to obtain 

10 a numerical representation of brightness level of the iris; 

searching a lookup table to apply a previously devel- 

oped calibration and thereby determine an imputed glucose 

concentration in quantity of glucose per unit volume; and 

displaying the imputed glucose concentration. 

39. A blood-glucose measuring method for use with a small 

electromagnetic-radiation source and comprising the steps 

of: 
automatically finding a reflection, from a patient's 

5  pupil, of the electromagnetic radiation; and 

automatically performing a position alignment based 

upon the location of said reflection of. the electromagnetic 

radiation. 

40.    The method of claim 39, further comprising the step of: 

zeroing-out the area within the electromagnetic-radia- 

tion source, to form an image of forward surfaces of the eye 

without the electromagnetic-radiation source. 

41.    The method of claim 39, for use with a centrally dis- 

posed electromagnetic-radiation source and further compris- 

ing the step of: 
growing a pupil mask, starting from the electromagnet- 

5  ic-radiation source as a centerpoint, to cover the pupil 

area in the image. 
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42. The method of claim 41, further comprising the step of: 

capturing brightness level in an area under the aligned 

pupil mask for.use in a dark-level calibration. 

43. Apparatus for measuring blood-sugar concentration in a 

living body by measuring electromagnetic-radiation'reflec- 

tivity from an eye of the body; said apparatus comprising: 

a detector array; 

a small electromagnetic-radiation source held directly 

in front of the detector array,  for directing electromag- 

netic radiation to such eye; and 

means for receiving and measuring electromagnetic 

radiation reflected from such eye. 

44. The apparatus of claim 43,  further comprising: 

a lens between the detector array and the 

electromagnetic-radiation source. 

45. The apparatus of claim 44, wherein: 

the electromagnetic-radiation source shines toward the 

eye from substantially the geometric center of the lens. 

46. The apparatus of claim 43, wherein: 

the electromagnetic-radiation source shines toward the 

eye from substantially the effective geometric center of the 

array. 

47. The apparatus of claim 46,  further comprising: 

means for using a reflection of the electromagnetic- 

radiation source, from such eye, as a peak amplitude point 

for finding the image center. 
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48. The apparatus of claim 43,  for use in measuring.blood 

glucose concentration for such body of,a human being; and 

wherein: 
the electromagnetic-radiation source is a visual cen- 

tering target for the human being; 

wherein,  to take a measurement,  the human being looks 

substantially directly toward the electromagnetic-radiation 

.source. 

49. Apparatus for measuring blood-sugar concentration in a 

living body by measuring electromagnetic-radiation reflec- 

tivity from blood of the body; said apparatus comprising: 

means for directing electromagnetic radiation to such 

blood; and 
means for receiving and measuring electromagnetic radi- 

ation reflected from such blood substantially without spec- 

tral analysis of the reflected electromagnetic radiation. 

50. A noninvasive method for measuring intraocular pressure 

by measuring electromagnetic-radiation focal characteristics 

for forward surfaces of the eye;  said method comprising the 

steps of: 
finding focal distances to the inner and outer diame- 

ters of the iris respectively; and 

interpreting discrepancy between said focal distances 

as a measure of said pressure. 
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